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ABSTRACT

Coulter, Alison Adele Ph.D., Purdue University, May 2015. Biology and Ecology of
Bigheaded Carp in an Invaded Ecosystem. Major Professor: Reuben Goforth.

Globally, the homogenization of species has become a threat to biodiversity. As species
are transported around the world, a portion of these species, released intentionally or
accidentally, may become invasive and can produce negative impacts. Great effort has
been invested into early identification and prevention of invasions as these are considered
less expensive than managing an invasion. Unfortunately, species may exhibit varying
characteristics across ecosystems, and so their behavior and potential survival in a new
environment may be difficult to predict. Therefore, I examined trends in the biology and
behavior of invasive fishes, including the plasticity surrounding these and how they may
contribute to successful invasions, using bigheaded carps (Hypophthalmichthys spp.,
silver and bighead carp and their hybrids) in the Wabash River, Indiana (USA), as a case
study. Trends in population characteristics appeared to vary with invasion stage.
Female-skewed sex ratios, changing length-weight relationships, and earlier maturation
are all characteristics that may ultimately contribute to the successful establishment of
these fishes along invasion fronts. Movements could be extremely rapid but exhibited
predictable patterns that may facilitate the management and control of these invasive
fishes. Reproduction in these species was influenced by different environmental cues

xiv
than those from their native ranges and was dependent on growing degree day rather than
changes in river discharge. Hybrid bigheaded carp (silver x bighead carp) were not
different from silver carp in any of the characteristics examined (i.e., movements,
condition, diet) but are increasingly represented in adults and eggs in this system and may
serve to increase heterozygosity. Stable isotope analysis indicated that there was little
dietary overlap between bigheaded carps and native planktivores. Additionally, there was
seasonal variation in resource use that may function to minimize this overlap. Overall,
many of the variables examined in these studies may be influential in facilitating the
successful establishment and spread of these invasive fishes.

1

CHAPTER 1. INTRODUCTION

Global ecosystems are experiencing change and disturbance at unprecedented
rates, and much of this disturbance is anthropogenic in origin. Progress in the rapid
transport of goods worldwide has led to increased opportunities for exotic species to
arrive safely in a variety of ecosystems after a relatively short trip (Perrings et al. 2005;
Meyerson and Mooney 2007; Hulme 2009), resulting in biotic homogenization
(McKinney and Lockwood 1999; Olden et al. 2004; McKinney 2006). Humans have
also manipulated landscapes, both establishing connections that may allow species to
move more freely (e.g., bridges, canals) and installing barriers to dispersal (e.g., fences,
dams) which can influence species invasions (Didham et al. 2007; Galil et al. 2007).
Many exotic species, either intentionally or unintentionally introduced, fail to establish
in the receiving ecosystem into which they have been introduced. An even smaller
proportion of exotic species become invasive, meaning that their population numbers
become high, they outcompete native species to become a dominant presence in the
ecosystem, and they have severe negative impacts (Williamson and Fritter 1996; Kolar
and Lodge 2001; Lodge et al. 2006).
To become invasive, non-native species progress through a step-by-step process,
including transport, introduction establishment, spread, and impacts (Kolar and Lodge
2001; Lockwood et al. 2005). The most cost effective way to prevent and control the
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impacts of invasive species is to prevent introductions from occurring (Leung et al. 2002;
Lodge et al. 2006). However, the volume of species being transported globally can
make this financially difficult, and so many countries utilize risk assessments and rating
systems to determine which species are most likely to become invasive and are therefore
of highest priority for prevention (e.g., Copp et al. 2005). Non-native species introduced
into a novel environment may exhibit differences in life history traits or behavior
compared to what is observed in the native range (e.g., Bossdorf et al. 2005; Beaumont
et al. 2009; Deters et al. 2013). Observations of this variation can reveal phenotypic
plasticity and adaptations which can positively impact the invasion success of a species
(Davidson et al. 2011; Lande 2015).
Examination of the biology and ecology of invasive species can provide insights
into a variety of topics. Because of the potential for variation in the biological and
ecological traits of invasive species and the potential utility of this information in risk
assessments (Kolar and Lodge 2002; Leung et al. 2002; Anderson et al. 2004; Leung et
al. 2012), it is important to continue to examine these traits in invasive species.
Examination of invasive species case studies can help to predict the future ecological
impacts of a broader range of invasive species. Additionally, information regarding how
species progress through the invasion process can improve the understanding and
management of native species and basic ecology (Lodge 1993; Sakai et al. 2001).
Successful invasive species generally exhibit a suite of traits that contribute to
their success in novel environments, including rapid maturation and growth (e.g., Fox et
al. 2007; Amundsen et al. 2012) and high propagule pressure (e.g., Lockwood et al.
2005), among others. Invasive species are also typically tolerant of a wide range of
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environmental conditions (e.g., Williamson 1996; Briand et al. 2004), including
conditions unlike those they may experience within native ranges. Exposure to unique
or novel environmental conditions in invaded ecosystems may produce unexpected
responses from invasive species, resulting in highly variable traits among ecosystems.
As a result of exposure to these novel environmental conditions, invasive species may
also display plasticity in a variety of traits that ultimately allow their successful
establishment under different conditions (Davidson et al. 2011; Lande 2015).
Examination of variation in traits across spatiotemporal contexts can also increase
understanding of the plasticity and limitations of species.
Bigheaded carp (Hypophthalmichthys spp.) are fishes that are rapidly becoming
global species of concern as they have successfully invaded across countries and
continents (Kolar et al. 2007). Valuable food and aquaculture species in their native
range, these fishes have been introduced both intentionally and unintentionally,
including in North America’s Mississippi River Basin (Kolar et al. 2007). The recent
spread of these species through North America has allowed for examinations of their
biology and ecology across highly varied river ecosystems. Most of the current research
on bigheaded carp has occurred in highly regulated river ecosystems of Midwestern
North America (but see Stuck et al. 2015). However, as these species continue to
expand their ranges, they are likely to occur in smaller rivers with fewer locks and dams,
and potentially greater environmental variability as a result of reduced regulation of flow
and climate change. Therefore, the overarching goal of this work was to examine the
biology and ecology of bigheaded carp in a relatively free-flowing, invaded river
ecosystem and how the observed traits may vary temporally.
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The first chapter examines how general population characteristics of invasive
bigheaded carp changed temporally. Changes in energy allocation through invasion
stages may allow species to more easily establish by promoting early and rapid
reproduction (Copp et al. 2004; Fox et al. 2007). The next two chapters link
environmental conditions with the movement and reproduction of bigheaded carp,
including examinations of how variable movement and spawning may be across
individuals or through time. These chapters also highlight the resilience of these species,
as there was observed reproduction without environmental cues previously thought to be
necessary. Despite the observed variation, there were some general trends observed
related to movement and reproduction that may enhance predictions and modeling
efforts. The fourth chapter examines the hybridization of two invasive species, which
may enhance the invasion capabilities of the parental species (Petit et al. 2003;
Fitzpatrick and Shaffer 2007). It also considers how hybrids may function differently
from the parent species. The establishment of hybrids as a separate population does not
appear to be occurring in the Wabash River, with hybrids largely functioning similarly
to one of the parental species, silver carp. The final chapter examines how invasive
bigheaded carp may impact competition for primary productivity resources through
resource overlap. As a complete work, this dissertation showcases the plasticity and
resilience of bigheaded carps to highly varied environmental conditions and provides
insights into what traits may contribute to the successful establishment of these fishes
and other invasive species.
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CHAPTER 2. SILVER CARP POPULATION CHARACTERISTICS IN THE
WABASH RIVER (INDANA, USA): VARIATION IN SIZE STRUCTURE,
RELATIVE WEIGHT, SEX RATIO, AND LENGTH-WEIGHT RELATIONSHIPS

2.1

Abstract

Invasive species are an issue of concern worldwide and have been linked to many
deleterious impacts, including loss of global biodiversity. Silver Carp
(Hypophthalmichthys molitrix) have successfully invaded ecosystems in numerous
countries and have been linked to declines in native fishes. Population-level
characteristics (e.g., size structure, length-weight relationships) may vary across
ecosystems and through time. Assessment of these characteristics can aid in the
understanding of how Silver Carp move through the invasion process and provide
insights into how populations of these fish may vary annually. This study sought to
examine population-level characteristics of Silver Carp in an invaded ecosystem, the
Wabash River (Indiana, USA). Silver Carp were collected via electrofishing at one
location in the Wabash River from 2010 – 2013. Silver Carp were also collected at three
additional sites during 2011 to allow for spatial assessments of population characteristics.
Mean total length of Silver Carp decreased through time and in a downstream direction,
although relative weight generally increased over time. Length-weight relationships for
Silver Carp were different between males and females and across years. Female fishes
generally exhibited steeper slopes in length-weight relationships than males, but this was
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not consistent for all years. Observed sex ratio was skewed towards females or males
depending on season or year. The smallest mature female and male Silver Carp were 410
mm and 413 mm total length, respectively, and 50% maturity occurred at 440 mm total
length. Overall, the results of this study reveal the dynamic nature of invading
populations of Silver Carp. Additionally, population characteristics of Silver Carp are
understudied in free-flowing invaded rivers, and population characteristics of these
invasive fishes in the Wabash River should inform monitoring and control efforts in other
largely unregulated rivers threatened by Asian carp invasion.
2.2

Introduction

While only a small percentage of non-native species become invasive (Williamson
and Fitter 1996; Kolar and Lodge 2001), the large volume of introductions (intentional
and unintentional) increases the likelihood that species invasions may occur. The high
ecological and economic risks posed by invasive species have led to evaluations of the
traits that contribute to a non-native species becoming invasive (e.g., Lee 2002; Marchetti
et al. 2004; Alcaraz et al. 2005; Pyšek et al. 2012). However, many invasive species
exhibit considerable variation in morphological, behavioral, trophic, and life history
characteristics in invaded ecosystems (Corkum et al. 1998; MacInnis and Corkum 2000b;
Sakai et al. 2001; Alcaraz et al. 2005; Fox et al. 2007; Russell et al. 2012; Coulter et al.
2013), and population age (Lorenzen and Enberg 2002) and invasion stage (Feiner et al.
2012) can produce additional variation in these traits. Moreover, population-level
characteristics of invasive species can change through the invasion process (i.e.,
introduction, establishment, spread; Sakai et al. 2001; Kolar and Lodge 2002) and across
ecosystems (Rypel 2014). Such variation in population characteristics in response to the
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novel environmental properties of invaded ecosystems can make efforts to model and
control invasive species’ spread especially difficult.
Relatively few studies exist detailing how population characteristics of invasive
species change temporally, spatially, and among populations (Bøhn et al. 2004). However,
basic demographic and life history information is essential for managing invasive species
populations (Sakai et al. 2001), especially given increased recognition of plastic
responses of these species to novel environments of invaded ecosystems. Silver Carp
(Hypophthalmichthys molitrix) are global aquatic invaders, occurring in >70 countries
and territories (Kolar et al. 2007). This species exhibits many of the traits associated with
highly successful invasive species, including high fecundity, large body size, and rapid
growth. Models and risk assessments have sought to predict and evaluate where Silver
Carp may become invasive (e.g., Andersen et al. 2004; Jiménez-Valverde et al. 2011);
however, these efforts have been largely based on life history and ecological information
from the species’ native range and for proxy species. In addition, Silver Carp are known
to exhibit plasticity in life history traits similar to other invasive species (e.g., Coulter et
al. 2013), although variation in other population traits is unknown. There is thus
considerable need for studies of Silver Carp population characteristics in introduced
ecosystems to better understand how these properties change in space and time.
In the last decade, understanding of Silver Carp population characteristics in
invaded ecosystems has improved for some traits. For example, length-weight
relationships have been determined in North America for the Missouri River (Wanner
and Klumb 2005), several of its tributaries (Hayer et al. 2014), the Mississippi River
(Williamson and Garvey 2005), and the Illinois River (Irons et al. 2011). Size structures

8
have also been assessed (Phelps and Willis 2013; Hayer et al. 2014; Stuck et al. 2015), as
have age and growth (Williamson and Garvey 2005; Hayer et al. 2014; Stuck et al. 2015).
However, many of these studies have relied on data from highly regulated river systems
and are often based on established, high-density populations (but see Hayer et al. 2014;
Stuck et al. 2015). Therefore, there is need for additional basic information on moderate
or low-density Silver Carp population characteristics in free-flowing rivers such as the
Wabash River (Indiana, USA).
Silver Carp have increased drastically in abundance since their appearance in both
the Mississippi (Wanner and Klumb 2009; Kelly et al. 2011) and Illinois Rivers (Chick
and Pegg 2001). However, densities of Silver Carp are not as high in the Wabash River
(Edgell and Long 2009; Stuck et al. 2015) even though first detections of Silver Carp in
the Illinois and Wabash Rivers were relatively similar (Illinois: 1998, Wabash: 2003;
USGS 2012). One of the potential causes of lower densities of Silver Carp in the Wabash
River may be higher flows and water velocities (Stuck et al. 2015). The Wabash River
has one mainstem dam and over 600 km of free-flowing river. Silver Carp are known to
prefer low velocity and backwater habitats (Kolar et al. 2007; DeGrandchamp et al. 2008;
Calkins et al. 2012), and flow patterns can also influence Silver Carp reproduction
(Kocovsky et al. 2012). Differences in both population density and flow regime in the
Wabash River may produce different population characteristics in Silver Carp compared
to invaded rivers that are highly regulated. Demographic and life history studies of
Wabash River Silver Carp should thus help to inform management of other largely
unregulated rivers that Silver Carp may invade in the future (e.g., Great Lakes and upper
Mississippi River tributaries).
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This study sought to evaluate spatiotemporal trends in Silver Carp population
characteristics in the Wabash River as a model invaded free-flowing river. Specifically,
size structure (e.g., mean total length [LT], length-frequency trends), condition (e.g.,
relative weight [WR]), sex ratio, and length-at-maturity were assessed for Silver Carp in
the Wabash River. We hypothesized that Silver Carp size structure, length-weight
relationships, and condition would change annually to reflect growth, reproduction, and
annual climatic and resource shifts. Because Silver Carp are highly mobile
(DeGrandchamp et al. 2008), we hypothesized that spatial variation in size structure and
condition within a year would not occur. Additionally, we hypothesized that Silver Carp
would exhibit a 1:1 sex ratio, and that length-at-maturity would be similar to other
invaded ecosystems of similar climate (e.g., ≈600 mm; Costa-Pierce 1992).
2.3
2.3.1

Methods

Temporal variation

Silver Carp were captured from within 2 km of river kilometer (rkm) 499 in 2010,
2011, 2012, and 2013 between March and October using boat electrofishing. The boat
electrofisher (Model SR16H; Smith-Root Inc., Vancouver, WA, USA) was powered by a
generator with a pulsator running at either 3-4 A of direct current at 30 pulses/s and 20-50%
range of pulse width or 7-8 A of direct current at 120 pulses/s. Some of the Silver Carp
were euthanized with an overdose of MS-222 (Tricaine S) prior to handling. Other
individuals were involved in a separate telemetry study and were anesthetized for
handling using electroanesthesia. Weight (W, g) and total length (LT, mm) were measured,
although equipment failure resulted in W not being available for all individuals in 2010.
Sex was also determined visually. Relative weight (WR) can aid in assessing the general
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health of a population (Murphy et al. 1991). Therefore, WR was calculated to evaluate
condition in Silver Carp using a standard weight (WS) equation for Silver Carp generated
from multiple populations across North America (J.T. Lamer, personal communication;
Fulton’s condition factor produced the same significant differences as WR).
Trends in LT, length-frequency, WR, and length-weight relationships were all used
to evaluate temporal changes in the Silver Carp population. To statistically compare
mean LT between years, LT of the electrofished Silver Carp from rkm 499 was used in an
analysis of variance (ANOVA) with a post-hoc Tukey’s test. Length-frequency
distributions (10 mm bins) were created to assess size structure. Population trends in
Silver Carp WR were compared among years with the same methods as LT, to evaluate
changes in condition through time.
To determine the length-weight relationship for Silver Carp, LT and W data from
individuals captured at rkm 499 were log10 transformed for linearity. Differences in
length-weight regression between sex and among years were tested using analysis of
covariance (ANCOVA) to determine if length-weight regressions could be combined
between sexes or among years.
2.3.2

Spatial Variation

Silver Carp were captured from three additional locations in the upper Wabash
River (rkm 521, 565, 600) in April and May of 2011 via electrofishing. Silver Carp
collected at all four locations were evaluated using ANOVA to determine whether spatial
differences existed in LT, and WR. Insufficient data were available from males and
females, and so length-weight relationships were not evaluated.
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2.3.3

Sex ratio

Sex ratio was calculated for sampling dates where sex was determined for more
than three individuals. Silver Carp used in the telemetry study were not used in the
determination of sex ratios as the need to keep the individual viable occasionally
prevented determination of sex.
2.3.4

Length-at-maturation

Silver Carp captured using electrofishing and additional gear types were used to
determine length-at-maturation for Silver Carp in the Wabash River. Additional Silver
Carp were collected at rkm 499 using gill nets, hook-and-line sampling, and fyke nets in
2013 to increase sample size for the length-at-maturation analysis. Gill nets (12.7 cm
mesh, 30.5 m in length) were set for ≈1.5 hr and fyke nets (1 x 2 m mouth, 5 m lead, 10
mm mesh) were set overnight. Logistic regression was used to determine LT at which 50%
of Silver Carp were mature. 80% of Silver Carp were randomly selected and used to
create the logistic equation. The remaining 20% were used to evaluate model accuracy.
The resulting length-at-maturation value was compared to climatically similar
ecosystems. All statistics were run in R (v. 2.14.1) with an α = 0.05.
2.4
2.4.1

Results

Temporal variation

A total of 356 Silver Carp were captured via electrofishing at rkm 499 with 70, 58,
77 and 151 individuals collected for 2010, 2011, 2012, and 2013, respectively. Total
lengths of fishes captured ranged from 380 - 887 mm (X̅ = 647.7 mm ±5.5SE; Table 2.1).
Silver Carp LT near rkm 499 decreased through time (ANOVA: F3,355 = 17.45, P <
0.0001; Figure 2.1), with 2010 and 2011 having significantly greater mean LT than 2013.
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Additionally, 2013 mean LT was significantly smaller than 2012. Length-frequency
distributions of Silver Carp show smaller individuals were increasingly represented in the
electrofishing catch (Figure 2.2). WR averaged 1.04 ± 0.01SE (n = 311) overall, indicating
collected fish were in good condition. Mean WR was different among years (ANOVA:
F3,310= 8.70, P < 0.0001; Figure 2.3), with 2010 having a significantly smaller WR than
2012. 2013 WR was similar to 2010 but was significantly smaller than 2011 and 2012.
2011 and 2012 WR were not significantly different from each other or from 2010.
Analyses of length-weight relationships between sexes and among years indicated
that both of these factors were significant (F1,262 = 6548, P < 0.0001, Psex = 0.0001, Pyear
= 0.003) as were their interactions with length (Psex*LT < 0.0001, Pyear* LT = 0.004). This
indicated differences in the length-weight relationship slopes and intercepts. Therefore,
equations for sexes and years were reported separately (Table 2.2; Figure 2.4). All lengthweight regressions were significant (P < 0.0001). Small sample size did not allow for
separation of pre- and post-spawn females into separate regressions.
2.4.2

Spatial variation

Mean LT of Silver Carp captured via electrofishing in April and May of 2011 at
four sites along the Wabash River were significantly different (ANOVA: F3,95 = 5.39, P =
0.002; Figure 2.5). Fish captured near rkm 499 were significantly smaller than those
collected further upstream (rkm 521 and rkm 565), although the most upstream site (rkm
600) had a mean LT that was not significantly different from the other sampling locations.
However, WR was not different among rkm sampled within 2011 (ANOVA: F3,95 = 1.27,
P > 0.05) with a mean WR of 1.09 ±0.01SE (n = 96).
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2.4.3

Sex ratio

Mean sex ratio for Silver Carp in the Wabash River was equal to 1 male for every
1.4 ±0.6SE females but did change among sampling months (Table 2.3). Females were
more abundant in May 2011 as well as May and April 2013, but males were more
abundant in May and September 2012. Males were also more abundant in June 2013;
catch was evenly divided between sexes in July of the same year.
2.4.4

Length-at-maturation

Length at 50% maturity for Silver Carp was 440 mm. The logistic regression model
was also significant (Logistic regression: P ≤ 0.001), with accuracy of 96.6% (57 of 59
individuals successfully classified; Figure 2.6). The smallest mature female observed was
410 mm LT and the smallest mature male was 413 mm LT.
2.5

Discussion

The impacts of invasive species can be far-reaching and variation in population
characteristics among different ecosystems can help to evaluate the ecological impacts
and future spread of these species. Wabash River Silver Carp varied in size structure,
exhibiting decreasing mean LT and higher abundances of smaller individuals through time.
Annual increases in smaller individuals have been observed in Illinois River Silver Carp
(Phelps and Willis 2013), and decreases in mean length have also been documented in
other invasive fishes (Bøhn et al. 2004; Amundsen et al. 2012; Feiner et al. 2012).
Decreasing mean length can be influenced by reproduction via recruitment. Additionally,
environmental differences (e.g., climate, competition) may influence growth and result in
increasing abundances of smaller individuals. Invasive fishes are known to exhibit trends
of declining mean length through time related to invasion stage and time since invasion
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(Feiner et al. 2012). Temporal changes in population characteristics may also be
analogous to increasing invasions stage and could indicate that Silver Carp populations in
the Wabash River are still increasing.
Condition (e.g., WR) of Silver Carp in the Wabash River declined through time
but did not change spatially. Annual changes in condition indicate the cause likely
operates on an annual or seasonal temporal scale. Similar factors can influence length and
condition in fishes and so condition may also be influenced by climate and competition.
Although no long-term information on changes in Silver Carp densities in the Wabash
River is available, a growing Silver Carp population would increase intraspecific
competition and could cause the observed declines in WR. Additionally, changes in
resource availability related to temporal changes in conditions could cause annual
changes in condition (e.g., oxygen, temperature; Rätz and Lloret 2003; Casini et al. 2006).
Drought can also influence fish condition (Matthews and Marsh-Matthews 2003), and the
significant decline in condition observed in 2013 may have been influenced by the severe
drought that occurred in 2012.
Length-weight relationships in Wabash River Silver Carp were different between
males and females and also changed annually. Females exhibited similar length-weight
relationships in 2011 and 2012, but the length-weight relationship in 2013 had a steeper
slope and smaller intercept. Small sample size in all but one year did not allow pre- and
post-spawning females to be separated. However, female Silver Carp captured in all
months contained eggs in some stage of development or reabsorption. The inclusion of
females with eggs in calculating length-weight relationships likely influenced the steeper
slopes observed in females compared to males in all but one year. Small sample size of
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males may have contributed to the inverted relationships of males versus females in 2011.
Slopes for females increased slightly through time but the slopes of male length-weight
relationships were more variable. 2013 length-weight regressions are likely the best
representatives of this relationship in male and female Silver Carp from the Wabash
River due to larger sample size. However, annual differences in length-weight
relationship may be important indicators of annual changes in growth and condition
within ecosystems.
Spatial variation in Silver Carp LT within a year showed smaller individuals
occurred downstream with the exception of the most upstream sampling location. The
center two sampling locations had significantly greater mean LT than the other locations,
although this finding may have been influenced by the small sample size at the most
upstream site. Habitat selection, behavior, and dispersal can influence the sizes of
individuals observed at different locations. In general, larger fish tend to move farther
and can more easily disperse upstream than small fish (e.g.,Albanese et al. 2004;
Woolnough et al. 2008). Specific behaviors, such as territoriality, may alter dispersal
across invaded ecosystems. For example, smaller Round Goby (Neogobius melanostomus)
in the Laurentian Great Lakes were the first to colonize new areas (Coulter et al. 2012,
Ray and Corkum 2001), but dispersers in an invaded river tended to be larger individuals
(Brander et al. 2013). Overall, these findings suggest that smaller individuals may be on
the leading edge of Silver Carp invasions, but given the small number of fishes collected
at the most upstream location (3), additional sampling is required to solidify this
statement.
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The skewed sex ratios, both towards males and females, as well as length-atmaturation may have implications for the reproductive potential of Silver Carp in the
Wabash River. Sex ratios skewed towards females can result in higher reproductive rates
(Adel 2012; Russell et al. 2012). If the overall population of Silver Carp is skewed
towards females, reproduction could increase in a given population. However, the
observed Silver Carp sex ratio changed temporally and was sometimes skewed towards
males. This variation indicates that the observed sex ratios in Wabash River may be
caused by differences in movements (Hutchings and Gerber 2002; Croft et al. 2003) or
habitat use (Darden and Croft 2008) which may vary seasonally. However, there was no
clear trend, with May specifically alternating from female to male dominated from year
to year. Plasticity in sex ratio may determine invasion success (Brandner et al. 2013),
leading to increased reproduction during critical periods during establishment. Therefore,
it will be important to investigate the cause and nature of the skewed sex ratios of Silver
Carp in the largely free-flowing Wabash River to better understand how this may
facilitate invasion by this species.
Reproductive effort of a fish population can be further increased by early
maturation exhibited by some populations of invasive fishes (e.g., MacInnis and Corkum
2000a; Fox et al. 2007; Amundsen et al. 2012), especially along invasion fronts. Silver
Carp were found to have a 50% chance of being mature at a relatively small LT of 440
mm. In contrast, invasive Silver Carp populations from Russia and Japan achieved
maturity at 600 mm or more (Costa-Pierce 1992) and at three to six years of age (Kolar et
al. 2007). Based on Silver Carp length-at-age data from the lower Wabash River (Stuck et
al. 2015), mature individuals in this study with LT of 440 mm may be as young as one or
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two-years-old. Smaller LT could result from differences among ecosystems in climate,
resource availability, and differences in both intra- and interspecific competition.
However, length-at-maturity is also known to vary during the establishment and spread of
invasive species. In recently introduced populations, smaller, younger individuals may
mature faster compared to longer-established populations (Russell et al. 2012). Early
maturation is linked with negative outcomes (e.g., Justus and Fox 1994), and so size and
age at maturation may change plastically. As an invasive species, it is possible that Silver
Carp may also exhibit plasticity in age or size at maturation, although additional
information would be necessary to evaluate this possibility.
Silver Carp present an interesting example of how the population characteristics
of an invasive species may vary and exhibit interesting temporal variation in size
structure, condition, and sex ratio. Additional information is still needed to examine all of
the causes of this variation and to evaluate all possible traits that contribute to the success
of Silver Carp as an invasive species. Traits that increase reproductive effort (e.g.,
fecundity, length-at-maturity, age-at-maturity) and could increase the likelihood of
successful establishment (Bøhn et al. 2004; Copp et al. 2004; Copp and Fox 2007) may
be especially important. Broad-scale changes in population and life history characteristics
through invasion stages can also provide further insight into the reasons that a particular
species may successfully establish and improve predictions and management of invasive
species.
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Figure 2.1. Temporal variation in electrofished Silver Carp total length (LT ±SE) from
river kilometer 499 in the Wabash River, Indiana, USA. Letters indicate significant
differences
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Figure 2.2. Distributions of total lengths of electrofished Silver Carp from river kilometer
499 collected from 2010-2013 in the Wabash River, Indiana, USA.
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Figure 2.2. Temporal variation is electrofished Silver Carp relative weight (WR ±SE)
from river kilometer 499 in the Wabash River, Indiana, USA. Letters indicate significant
differences.
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Figure 2.4. Length-weight relationships for male and female Silver Carp from the
Wabash River. Regression equations are listed in Table 2.2.
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Figure 2.5. Mean total length (±SE) of electrofished Silver Carp captured at four
locations in April and May 2011 from the Wabash River, Indiana, USA. Significant
differences are indicated by the letter groupings.
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Figure 2.6. Logistic regression of maturity (0 = immature, 1 = mature) of Silver Carp
collected from river kilometer 499 of the Wabash River, Indiana, USA, from 2010 – 2013
using all gear types.
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Table 2.1. Catch, total length (LT ±SE), and relative weights (WR ±SE) of Silver Carp
collected from 2010-2013 from the Wabash River. All years employed boat
electrofishing (EF) to collect Silver Carp. In 2013 Silver Carp were also collected using
gill netting (GN), hook-and-line sampling (HL), and fyke netting (FN). Data were also
collected in 2013 from Silver Carp that jumped into boats (JB). The river kilometer (rkm)
of collection if also indicated.
Gear
rkm
N
LT
WR
2010
EF

499

71

709 ±6.8

0.97 ±0.03

EF

499

58a

669.6 ±5.25

0.97 ±0.03

EF

521

20

721.9 ± 10.4

1.8 ±0.02

EF

565

27

713.5 ± 11.6

1.13 ±0.02

EF

600

3

680.3 ± 22.7

1.10 ±0.04

499

77

647 ±10.6

1.05 ±0.03

EF

499

151

611 ±10.0

1.10 ±0.03

GN

499

92

716 ±8.3

1.2 ±0.08

HL

499

38

544 ±12.0

0.98 ±0.02

FN

499

2

760 ±60.0

0.91 ±0.03

JB

499

2

592 ±147

0.98 ±0.09

2011

2012
EF
2013

a

Silver Carp collected in October 2011 at rkm 499 are included in these values, but were
not included in the spatial analysis which used individuals collected in April and May.
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Table 2.2. Length-weight regressions for male and female Silver Carp using weight (W, g)
and total length (LT, mm). Individuals collected in 2010 were not sexed. All regressions
were significant (P < 0.0001).
N
R²
2010
All

log10W = -2.72+2.21(log10LT)

25

0.79

Male

log10W = -6.04+3.38(log10LT)

9

0.93

Female

log10W = -4.11+2.71(log10LT)

30

0.91

Male

log10W = -3.74+2.58(log10LT)

17

0.94

Female

log10W = -4.14+2.73(log10LT)

21

0.85

Male

log10W = -4.97+3.00(log10LT)

72

0.97

Female

log10W = -6.03+3.39(log10LT)

123

0.94

2011

2012

2013
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Table 2.3. Numbers of male and female Silver Carp collected via electrofishing from
river kilometer 499 of the Wabash River. Only months where sex was determined for > 3
individuals are shown. No Silver Carp were sexed during 2010.
Year
Males
Females
M:F
2011
May

6

26

1:4.3

May

12

1

1:0.08

September

17

5

1:0.3

April

6

15

1:2.5

May

6

20

1:3.3

June

32

26

1:0.8

July

3

3

1:1

2012

2013
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CHAPTER 3. INVASIVE SILVER CARP MOVEMENTS IN THE WABASH RIVER
(INDIANA, USA), A PREDOMINANTLY FREE-FLOWING MIDWESTERN
RIVER

3.1

Abstract

Many organisms must move among habitats to complete their life histories. In
fishes, such movements tend to be small (i.e., routine) and governed by factors such as
food availability and cover, although broad-scale movements associated with spawning
migrations also occur in many species. Fish movements have been widely studied,
although movements of invasive fishes in non-native ecosystems are comparatively
poorly understood and could play a large role in invasion success. Understanding
invasive fish movements can therefore be important when developing management
strategies for their prevention and control. We examined movements of an invasive fish,
Silver Carp (Hypophthalmichthys molitrix), using acoustic telemetry to monitor the
timing and directions of fish movements and to assess these movements in relation to
seasonal, annual, environmental and individual factors in the Wabash River (Indiana,
USA), a largely unregulated midwestern river. Silver Carp exhibited highly variable
movements that could be extremely rapid; however, individuals tended to be stationary
most of the time. Despite high variability, several trends emerged, indicating the
importance of backwater habitats, avoidance of smaller tributaries, and spring and fall
broad-scale movements that were often extremely rapid. Summer movements were
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smaller and occurred at lower rates than those in spring and fall. In addition, summer
movements were evenly split between upstream and downstream directions. Based on our
results, specific seasons (i.e., spring and early fall) and locations (i.e., backwaters)
provide likely targets for Silver Carp control in the Wabash River. Given hydrological
and morphological similarities between the Wabash River and other rivers threatened by
Asian carp invasion (e.g., Great Lakes tributaries and upper Mississippi River mainstem
and tributary rivers), these targets should also be useful for early detection and control in
rivers over a broad geographic range.
3.2

Introduction

Movements are critical for invasive species’ success in novel environments,
especially because dispersal can impact their establishment, spread, and ecology (Kolar
and Lodge 2001; Lindström et al. 2013; Perkins et al. 2013), and can also reflect
individuals’ habitat preferences (Bain et al. 1988; Sharma and Jackson 2007; Belica and
Rahel 2008; Rowe et al. 2009). Therefore, examining the movements of invasive species
can yield valuable information on the biology and ecological impacts of invasive species
as well as inform management and control efforts. Moreover, environmental variables in
non-native ecosystems often provide novel cues for invasive species that may elicit
unique behaviors compared to native ranges, thus influencing habitat preferences and
movements (Kolar et al. 2007; Coulter et al. 2013). Despite the potential utility of
movement data for informing management efforts, relatively little is known about
invasive fish movements in non-native ecosystems.
Fish movements allow individuals to utilize a variety of habitats and resources
(Diana 1995) and can be divided into two categories: broad-scale migrations and smaller,

29
routine movements. Broad-scale runs of fishes generally reflect seasonal movements,
including those related to spawning (Taylor et al. 1996; Koel and Peterka 2003), and are
often initiated by environmental cues such as temperature (e.g., Achord et al. 2007;
Keefer et al. 2007; Dahl et al. 2004). In contrast, routine movements are usually
associated with daily activities and influenced by food availability (Hill and Grossman
1993), foraging (Clough and Ladle 1997), predation (Gilliam and Fraser 1987; Fraser et
al. 2006; Belica and Rahel 2008), and competition (Swan and Palmer 2000; Gilliam and
Fraser 2001; Kahler et al. 2001; Fraser et al. 2006). Variation in all types of movements
can be based on individual factors including body size (Gowan and Fausch 1996; Skalski
and Gilliam 2000; Roberts and Angermeier 2007), morphology (Hanson et al. 2007), sex
(Hanson et al. 2008), and maturity (Hutchings and Gerber 2002; Croft et al. 2003; Petty
and Grossman 2007), as well as life history stage and associated requirements (Albanese
et al 2004). Therefore, both ecosystem and individual factors may impact the movements
of invasive fish.
Silver Carp (Hypophthalmichthys molitrix) have spread rapidly throughout many
non-native freshwater ecosystems and exhibit broad-scale movements related to
spawning triggered by changes in water level and water temperature (17-18°C;
Abdusamadov 1987; Peters et al. 2006; Kolar et al. 2007; DeGrandchamp et al. 2008;
Calkins et al. 2012). Understanding the variables that influence Silver Carp movements
can inform management efforts to control and prevent spread of Silver Carp and other
invasive fishes through more effective predictions and models, including those related to
spread and potential future invasions. However, Silver Carp habitat varies between their
native range, where mature fish primarily occupy lentic habitats, to their invaded ranges,
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where they are often found in lotic systems (Kolar et al. 2007); although, backwater
lentic-like habitat may be used in invaded rivers (DeGrandchamp et al. 2008). Recent
observations suggest that Silver Carp behavior in North America differs from their native
range (e.g., Coulter et al. 2013; Deters et al. 2013), and previous conclusions regarding
the behavioral ecology of invasive Silver Carp may thus be inaccurate relative to nonnative environments. Models often rely on data from closely related species and/or
information collected from native ecosystems (e.g., Cooke and Hill 2010) and may
require adjustment for non-native ecosystems. Behavioral plasticity relating to the
movements of Silver Carp across ecosystems would provide additional evidence to
support the theory that plasticity may be a valuable shared trait among invasive species
and contribute to more accurate predictions of their spread.
We examined possible predictors of movement using model selection procedures
and compared findings to existing knowledge of Silver Carp and other invasive fish
movements. The objectives of this study were to examine the movements of Silver Carp
to detect patterns in direction, rate, and magnitude and to relate movements to individual
(e.g., sex), seasonal (DOY, month, year), and environmental (e.g., flow) characteristics.
We hypothesized that spawning behavior would produce large upstream movements in
the spring associated with changes in flow and temperature known to initiate spawning.
Additionally, we hypothesized that post-spawning movements would be smaller in
magnitude and less directed (i.e., not the majority of individuals moving the same
direction at the same time). As a large river with limited backwater habitat available and
a single mainstem dam, the Wabash River (Indiana, USA) is unique from other rivers in
which Silver Carp movements have been studied (e.g., DeGrandchamp et al. 2008;
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Calkins et al. 2012) and is more similar to rivers these fish may invade in the future (e.g.,
tributaries of the Laurentian Great Lakes and upper Mississippi River).
3.3

Methods

The Wabash River has only one mainstem dam located upstream of the study area
with > 660 km of free-flowing river. The watershed is 85326 km2 with ≈66% agricultural
land use. Upper reaches of the river are higher velocity with exposed bedrock substrate
while lower portions are dominated by sand substrate (Gammon 1998). There are few
backwaters located within the study area, although two are particularly notable due to
their use as habitat by many fish species, including Silver Carp. Backwater 1 is
connected to the main channel except during drought conditions (i.e., summer 2012), and
backwater 2 is only connected to the main channel ≈50% of the year. The Tippecanoe
River is the largest tributary in the study area (5050 km2; Hoggatt 1975), while the Little,
Eel, and Salamonie Rivers are smaller tributaries (740, 1440, and 2110 km2 respectively;
Hoggatt 1975). The Little River has been identified as a potential hydrological
connection between the Mississippi River Basin and the Great Lakes from which Silver
Carp may invade the Great Lakes (USACE 2010).
3.3.1

Surgery

Silver Carp to be implanted with acoustic transmitters were captured from river
kilometer (RKm) 499 to RKm 600 of the Wabash River (Figure 3.1), Indiana, USA, from
2011-2013, using boat electrofishing (Model SR16H; Smith-Root Inc., Vancouver,
Washington, USA). The electrofishing boat was powered by a generator with a pulsator
running at either 3-4 A of direct current at 30 pulses∙s-1 and 20-50% range of pulse width
or 7-8 A of direct current at 120 pulses∙s-1. In accordance with the manufacturer’s
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recommendations, only fish of sufficient size such that tag weight was < 2% of
individual’s body mass were retained from electrofishing samples to be implanted with
transmitters (Winter 1996).
Fish to be implanted with tags were sedated using electroanesthesia and measured
for total length (mm) and mass (g). Sex was determined, if possible, through the
expression of eggs or milt or visualization of testes or ovaries within the surgical field
(classification: male, female, unknown). Fishes tagged in 2011 were visually identified as
Silver Carp, Bighead Carp (H. nobilis), or hybrid bigheaded carp based on gill raker
morphology. Fin clips were taken from the pectoral fins of fishes tagged in 2012 and
2013 and stored at -80°C for later processing to genetically identify tagged individuals as
Silver Carp, Bighead Carp, or hybrid bigheaded carp using polymerase chain reaction
(PCR) as described below. Only data from fish visually (2011) or genetically (2012-2013)
identified as Silver Carp were utilized for this study. Fish to be tagged were prepared for
an incision on the left side of the body by removing scales from a 5 cm X 3 cm patch on
the ventral portion of the body between the anal and pelvic fins. The cleared area was
treated with betadine to minimize infection risk and a ≈5 cm incision was made into the
coelomic cavity of the fishes with care given not to damage internal organs. A Vemco
(Bedford, Nova Scotia, Canada) V16-4H 69 Hz (28 g, 63 x 16 mm) individually coded
acoustic transmitter was inserted into the coelomic cavity, and the incision was closed
with three sutures (PDS II violet monofilament absorbable sutures model Z970, Ethicon,
Inc., Sommerville, New Jersey, USA). All handling was completed in ≈2 min, and
surgical instruments were sterilized in 90% ethanol between fish. Tagged individuals
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were returned to the river within 2 km of their site of capture once equilibrium was
recovered.
3.3.2

Genetics

Genetic material from fin clips was used to distinguish Silver Carp from hybrid
bigheaded carp as the latter can appear morphologically similar to Silver Carp (Lamer et
al. 2010). Extracted DNA from fin clips was obtained using QIAmp mini DNA kits
(Qiagen Inc., Valencia, California, USA). Samples were run in duplicate with negative
controls using nuclease free water with three previously developed primers (Mia et al.
2005). Each reaction totaled 20 µl with 5 µM each of forward and reverse primers, 50 ng
µl-1 DNA template, SensiMix (Bioline USA, Inc., Tauton, Massachusetts, USA), and
nuclease-free water with a total of 50 ng of genomic DNA. Conditions for PCR were as
follows: 94°C for 2.5 min, 50°C for 45 s, and 72°C for 1 min for 45 amplification cycles
with an extension period of 72°C for 10 minutes. Results were visualized in a 2% agarose
gel run for 75 min at 3.8 V∙cm-1 and interpreted by basepair length and banding pattern as
described in Mia et al. (2005). Comparison of visually identified Silver Carp to genetic
identified individuals (2012 and 2013 fish) indicated that there was a 9% chance that fish
identified as Silver Carp were actually hybrids; however, these individuals were likely
backcrosses of hybrid bigheaded carp individuals with Silver Carp and so may behave
similarly to Silver Carp.
3.3.3

Telemetry

Detections of tagged Silver Carp were collected using both stationary receivers
and active tracking. Active tracking allows for fine-scale, routine movements to be
detected, while stationary receivers provide continuous monitoring that is useful for
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detecting broad-scale movements of individual fishes. Omnidirectional stationary
receivers (Vemco VR2W) were deployed using custom rebar stands on the river bottom
in tributaries (Eel River, Little River, Salamonie River, Tippecanoe River) and at
multiple locations in the Wabash River including two backwater areas (Fig. 1), covering
≈400 river kilometers (RKm). This was determined to be sufficient to cover the potential
range of tagged individuals based on maximum movements of ≈430 km in the Illinois
River (DeGrandchamp et al. 2008).
The number and location of stationary receivers active at any given time varied due
to occasional losses of the VR2Ws. Stationary receivers were tested to evaluate their
detection efficiency using a Vemco-supplied range testing tag at initial deployment and
were found to detect the tag across the entire channel. However, changes in water level
and turbidity throughout the study may have impacted the range at which telemetered fish
were detected, thus allowing the potential for undetected passage of tagged fishes in the
vicinity of stationary receivers. Stationary receivers from RKm 565 upstream were
deployed on bedrock, the RKm 545 stationary receiver was deployed over cobble, and all
downstream receivers were over sand. Stationary receivers in tributaries were placed 1 –
2 km upstream of river confluences to avoid detections of fish in the Wabash River main
channel. Backwater stationary receivers were not placed directly across from the
entrances to avoid detections from the main channel. Overall, stationary receivers were
placed near parks or boat ramps to allow access and in areas that tended to be deeper than
the surrounding river to prevent exposure of the equipment during low-flow periods.
Active tracking was performed by deploying hydrophones from a boat or canoe
traveling downstream at < 8 km∙h-1 covering ≈100 RKm (Fig. 1). An omnidirectional
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hydrophone (Vemco VH110) connected to a manual receiver (Vemco VR100) was used
to locate and identify tagged Silver Carp. Once a detection of ≥75 db was achieved on the
manual receiver, the position of the tagged fish was recorded using a handheld GPS
(GPSMap 60, Garmin Ltd., Olathe, Kansas, USA; ±10 m). Additional active tracking
detections of tagged Silver Carp in 2012 and 2013 were collected by the R.E. Columbo
lab at Eastern Illinois University (Charleston, Illinois, USA) in the lowest reaches of the
Wabash River (≈RKm 200-0).
3.3.4

Movement Trends

To examine movement patterns, movement rate and distance were determined as
follows. Silver Carp detections were imported into ArcMap 10.1 (ESRI, Redlands,
California, USA) to measure movement distances and direction. Movement distances and
rates represent minimum estimates of movements because individuals may move outside
of the study area. Distances were measured between consecutive detections for each
detected fish and were considered to constitute a movement if > 50 m. 50 m was used as
a cutoff for movement based on the error around the GPS locations and error surrounding
tag signal detection. Only one detection per location, per fish, per day was used when
examining movements to minimize autocorrelation, and no detections within 48 hours of
tagging were used. Movements were not carried over between years as limited data were
available for winter months. Movement rate was calculated as the distance moved per day
(km day-1). For comparison among months and years, mean movement rate and distance
were calculated for the time period of interest (e.g., month or year). Individual
movements (not averaged) were used in the movement distance, rate, and probability
models.
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Growing degree day (GDD) and cumulative growing degree day (CGDD) with a
base of 10°C were calculated based on temperature data from a weather station near RKm
498. No water temperature data were available, so GDD was used as an indicator of daily
water temperature. Water temperatures were measured on select dates in 2012 and 2013
and, when regressed with GDD, demonstrated a significant positive linear relationship
between these two variables (y = -13.2 + 0.85x, F = 24.0, R2 = 0.41, p < 0.0001, n = 33).
CGDD is used in risk assessments (e.g., Kocovsky et al. 2012) and can indicate when
Silver Carp spawning may occur, which is known to relate to movement. Water level
information was obtained from a US Geological Survey (USGS) river gage (#03335500;
Figure 3.2) near RKm 498. Current gage height was the gage level at 12:00 PM on a
given day and change in gage height over 24 hr was the change in water level from 12:00
PM the day before to 12:00 PM on the current day. Positive values indicated rising water
levels and negative values indicated declining water levels. Similarly, the change in gage
height over 48 hours was the change in water level from 12:00 PM two days before to
12:00 PM on the current day. Models were parameterized using values for the day the
movement was completed.
To assess trends in movement distance and rate, movements were compared using
two-factor, unbalanced, blocked ANOVA, including months in which enough data were
available (March-October). ANOVAs were blocked by month and year and also included
the interaction of month and year, and a random effect of individual Silver Carp to
account for possible lack of independence of movements coming from the same
individual. Post hoc pairwise comparisons were done using Tukey’s test on significant
variables.
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3.3.5

Model Selection

To determine ecological variables impacting movement distance and rate, all
possible subsets of linear mixed-effects models (lme in Package ‘nlme’; http://cran.rproject.org/web/packages/nlme/index.html) were evaluated using Akaike’s Information
Criterion with small sample size correction (AICc). Reported models were those with
∆AIC < 2.00. The full models for movement distance and rate included gage height,
change in gage height over 24 hours, change in gage height over 48 hours, GDD, CGDD,
day of year (DOY), month, year, and sex as predictors to reveal potential predictors for
movements. Month, year, and sex were categorical while all other variables were
continuous and calculated as previously described. Pearson’s correlations were used to
determine if variables were uncorrelated and change in gage height over 48 hours was
removed as it was strongly correlated with change in gage height over 24 hours (r = 0.9, p
< 0.0001). Only data from March – October were used in models due to low sample size
in other months. All models contained a random effect of individual fishes, as
movements made by the same fish could not be assumed to be independent. A logistic
mixed-effects model and the same model selection procedures, and the same variables as
the distance and rate models were also used to examine predictors of Silver Carp
movement probability: move (1) or remain stationary (0). Model averaging was done on
models with ∆AIC < 2.00 for minimum movement distance, movement rate and
movement probability and the effects of significant model coefficients were examined.
All analyses were done in R (v. 2.14.1).
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3.4
3.4.1

Results

Movement Trends

Total lengths of tagged Silver Carp ranged from 374–940 mm, with a mean total
length of 699.3 mm ±4.26SE. Overall, individual Silver Carp averaged 1194 ±586 (SE)
detections fish-1 year-1 (Table 3.1). Movement data from 184 of these fishes indicated
movements > 50 m and were used for analysis. Fishes not included for analysis were
individuals with either a single detection, those detected at only one stationary receiver,
or individuals with all movements < 50 m. Individuals suspected of being deceased were
also eliminated from analyses. Detections indicated no movement 92.3% of the time,
with the greatest percentages of fish moving > 50 m occurring in May – July (Figure
3.3a). Fishes exhibiting movements > 50 m moved an average distance of 12.4 ±1.0SE
km at an average rate of 4.4 ±0.38SE km∙day-1 (n = 184), although movement distance
and rate varied over time (Figure 3.3b). The greatest distances and most rapid movement
rates occurred in September and October, with a secondary peak in March. Both
movement distance and rate declined through the summer, with the lowest values
occurring in July and August. Trends in movement distance and rate were accompanied
by apparent differences in directionality. Silver Carp appear more likely to move
upstream in March and April and downstream in September and October, but movements
were evenly split between upstream and downstream from May – August (Figure 3.3c).
Silver carp mean movement distance was greater in 2013 compared to both 2011
and 2012, although movement distances were statistically similar for these years (F2,1550 =
27.34, p < 0.0001). There was no significant effect of month or interaction between
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month and year (Figure 3.4a & 3.4b). Movement rates were also different among years
(F2,1550 = 44.45, p < 0.0001), with the highest movement rates observed in 2013. Significant
interactions among months and years indicated that the effect of month was inconsistent
among years (F10,1533 = 16.17, p < 0.0001; Figure 3.4c). Movement rates were higher from
May-August 2013 compared to the same months in 2011 and 2012. Within a given year,
movement rate was always greater in October compared to all other months except
September. For all three years, movement rates were greater in September than MayAugust of the same year. Movement rate in March 2012 was greater than May – August
of 2012. Silver Carp exhibited greater frequencies of smaller movements from MayAugust, while other months included more broad-scale movements (Figure 3.5). The
trend of greater numbers of smaller movements in the summer and more broad-scale
movements in the summer was consistent across different years.
Numbers of Silver Carp at specific stationary receivers varied over relatively short
periods of time (Figure 3.6). Number of detections fish-1 year-1 was consistently high in
backwater 1 (3442 ±1098SE) and 2 (4462 ±2418SE) as well as RKm 565 (8387 ±209SE).
RKm 521 and Rkm 510 had 288 ±268SE and 395 ±327SE detections fish-1 year-1,
respectively. All other stationary receivers in the Wabash River main channel showed <
10 detections fish-1 year-1. No Silver Carp were detected in the Little, Salamonie, or Eel
Rivers, but tagged fishes were detected in the remaining Wabash River tributary
monitored in this study, the Tippecanoe River (64 ±28SE detections fish-1 year-1).
3.4.2

Model Selection

Movement distance had three best models with ΔAIC < 2 (Table 3.2) all of which
contained gage height, DOY, month, and year. Movement rate had two best models
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(Table 3.3), which both included gage height, GDD, CGDD, DOY, month, and year.
Model averaging of best models for movement distance and rate both exhibited
significant positive effects of river gage height and GDD (Table 3.4). The movement
distance averaged model also contained significant positive effects of DOY, month
(August, September, October), and year (2012 and 2013). Of the months with significant
effects, October had the greatest positive effect on movement distances. 2013 had a
greater effect than 2012 in the averaged model. The averaged movement distance model
also contained a significant negative effect of DOY.
In addition to significant effects of gage height and GDD, averaging of the best
movement rate models also had significant positive effects for DOY and all three years.
All months except for September and October had significant effects in the averaged
model. All significant month effects were negative except for March. However, averaged
models were only able to explain a small portion of the variability in the observed data
(distance: R2 = 0.23; rate: R2 = 0.28).
The two best models to predict whether Silver Carp will move or remain stationary
(i.e., movement probability) both contained gage height, 24 hour change in gage height,
CGDD, sex, DOY, month, and year (Table 3.5). The averaged model contained a
significant negative effect of current gage, while change in gage height over 24 hours had
a significant positive impact. CGDD and DOY both had significant negative effects in the
model. Female and unknown sex Silver Carp had significant negative effects in the
averaged model. All three years had significant negative effects in the averaged model.
2013 had the greatest negative effect and 2012 had the least negative coefficient. All
months except for April had significant effects in the averaged model. October had the
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greatest positive coefficient, while May had the smallest positive value. March was the
only month with a negative effect.
3.5

Discussion

Silver Carp in the Wabash River exhibited several monthly trends in movement,
with broad-scale movements upstream in March and downstream in September and
October. It was hypothesized Silver Carp would make upstream movements in the spring,
likely related to spawning activity, which was found to occur. However, an additional
broad-scale movement occurred in the downstream direction in September and October,
and these months also exhibited increased movement distances and rates. Downstream
movements for overwintering have been observed in other species (Manion 1977; Lucas
and Batley 1996; Ovidio and Philippart 2002) and may reflect changes in habitat needs
(e.g., temperature, Meyers et al. 1992). Movements from May – August were evenly split
between upstream and downstream and had lower mean movement distances and rates
than spring and fall. These same months also had significant negative impacts on
movement rate, indicating that movements may be less directed during the summer.
Silver Carp do appear to exhibit smaller movements with greater frequency from May –
August, which are likely related to routine activities (i.e., foraging). Routine movements
may ultimately be influenced by different variables than broad-scale movements, such as
the influence of body size on energetic requirements.
Silver Carp also exhibited year-to-year variation in movements. 2013 had greater
movement distances and rates than 2011 and 2012, which was supported by the larger
coefficients from 2013 in the averaged distance and rate models. Additionally, 2013 had
the most negative coefficient of the three years in the movement probability averaged
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model. The opposite effects of 2013 on movement distance and rate versus probability
could result from the higher water levels during this year. Larger fish are often
associated with deeper habitats (Harvey and Stewart 1991), and so higher water may have
allowed Silver Carp to move more easily. In addition, the higher water levels in 2013
may have also provided more areas of deeper water habitat, thus allowing individuals to
remain in position rather than moving. 2012 was a drought year and it was surprising that
it did not have more of a negative effect on movement distance and rate compared to
2011. The lower number of tags that contributed to the 2011 data compared to the 2012
data may have had some impact on these results. Additionally, data were not collected in
March and April of 2011 when the study was initiated. Additional study of Silver Carp
movements over a longer timeframe that includes a variety of inter-annual climate
conditions (i.e., drought, average, and wet years) is needed to better understand how
climate factors may influence behaviors of these invasive fishes.
Environmental cues are often important for initiating life history events and
associated movements (Bennett and Burau 2014; Crook et al. 2014; Winkler et al. 2014;
Pagon et al. 2013; Schmaljohann et al. 2012). In addition to seasonal (DOY and month)
and yearly differences in movements, distance, rate, and probability best models often
included gage height. As suggested in the literature, water level appears to play a role in
the movements of invasive Silver Carp (Abdusamadov 1987; Peters et al. 2006;
DeGrandchamp et al. 2008; Calkins et al. 2012). Movement distance and rate were
positively related to water level. Because these are large fish, movement may be
somewhat restricted during low flow periods. The importance of water level is further
illustrated by the increased observed movement distances and rates in the spring and fall,
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which occurred during typical spring and fall rises in water level. Rising and falling water
levels are common triggers of movement in stream fishes (Manion 1977; Reynolds 1983)
and fish movements, especially non-migratory movements, are greatly influenced by flow
(Taylor and Cooke 2012). Overall, fit of the averaged models for movement distance and
rate were relatively poor < 30%, which could indicate that additional variables may
influence Silver Carp movements. For example, there is evidence that Silver Carp may
select habitat based on food availability (Calkins et al. 2012), which was not included as
a possible explanatory variable for movements in this study. Water velocity may also
impact movements as Silver Carp are also known to seek out low-flow areas such as
backwaters and behind wing dams to conserve energy (Kolar et al. 2007). However,
water velocity data were not available for inclusion in the models.
Averaged models for Silver Carp movement distance and rate both included a
significant positive effect of GDD. Water temperature is known to influence the onset of
Silver Carp spawning (Abdusamadov 1987; Kocovsky et al. 2012), and it was therefore
expected to influence movements of tagged fishes in this study. Additionally, temperature
is a critical variable that strongly influences the metabolism and behaviors of
poikilotherms, including fishes. Thus, movement for thermoregulatory purposes is
common (Baird and Krueger 2003; Armstrong et al. 2013; Westhoff et al. 2014), and
increasing temperatures can increase movements (Beamish 1970). However, CGDD
exhibited a significant negative effect on Silver Carp movement rate and probability.
While a minimum CGDD is required for Silver Carp spawning to be possible, the high
CGDD occurring later in the year when some of the most rapid movements occurred may
have resulted in the observed negative effect.
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Females and unknown sex Silver Carp both had significant negative effects on
movement probability. Silver Carp with indeterminate sex included some individuals that
were immature at the time of tagging. Fish that are immature may move less because they
do not engage in broad-scale spawning movements (Shaw et al. 2013). The lower
movement probability observed in females may also relate to physiological processes. It
may be more energetically costly for females to produce gametes than it is for males, and
therefore there may be less energy available for movement. Additionally, differences in
dispersal distances between sexes have been observed in other fish species (Hutchings
and Gerber 2002), and may indicate sex-biased dispersal, which may function to
minimize inbreeding (Pusey 1987; Perrin and Mazalov 2000).
Stationary receivers in backwaters had high numbers of detections fish-1 year-1.
Previous studies of Silver Carp in the Illinois River showed a seasonal preference by
Silver Carp for backwater, no- and low-velocity habitats when available (DeGrandchamp
et al. 2008). The area of the Wabash River included in this study has comparatively few
backwater habitats, and those that do exist were heavily utilized by Silver Carp, with > 70
tagged individuals present at the same time on multiple occasions. Overall, their use of
no- and low-velocity habitats may function to conserve energy and may also be more
similar to their native lentic habitats. Additionally, stationary receivers near RKm 565,
521, and 510 had high detections fish-1 year-1. Stationary receivers located in smaller
tributaries had no detections of Silver Carp. The Tippecanoe River is the largest tributary
in the study area, and did show some use by individuals with one individual moving >10
km upstream. Therefore, smaller streams and tributaries may be resistant to Silver Carp
invasion, especially for larger adults, possibly resulting from lower water levels,
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increased velocity, or lower primary productivity; although, further information would be
necessary to determine if this finding holds true in other ecosystems. Recent work has
suggested that some smaller tributaries to the Missouri River may be resistant to invasion
by Silver Carp (Hayer et al. 2014), and further investigations are necessary to determine
what environmental variables may inhibit expansion into these small tributaries. It should
also be noted that, while tagged Silver Carp were in the Wabash River near the mouth of
the Little River, no tagged individuals traveled up the Little River, a possible corridor to
the Great Lakes basin (USACE 2010).
As in many telemetry studies, the placement of stationary receivers may have
influenced some of observed trends, especially differences in movement distance, rate,
and probability. Stationary receivers allow an estimation of minimum movement
distances and rates, and individuals must move as far as the next stationary receiver to be
categorized as moving. Active tracking from May – August may have allowed for the
detection of smaller movements and could have influenced the lower percentages of
individuals remaining stationary, smaller movement distances, and rates during the
summer. However, detections from active tracking represent a relatively small portion of
the collected data, and the trends of smaller movements and lower rates are consistent in
April, a month with no active tracking, as well as May and August, which usually had
partial active tracking. Telemetry studies from other fish species also indicate that finescale movements occur more during the summer. Some movements observed in this
study may have been impacted by the tagging procedure; however, the large number of
movements detected and the exclusion of any detections collected within 48 hours of
tagging likely minimized the influence of tagging responses.
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Invasive fish movements can provide insight into factors that contribute to their
invasiveness and how their invasion success may vary across non-native ecosystems.
Common carp (Cyprinus carpio) experience frequent hypoxia in their native range
(Stecyk and Farrell 2007) and are thus able to move into and exploit hypoxic areas to
spawn in non-native ecosystems, while native species in these ecosystems are unable to
use hypoxic habitats. This ultimately contributes to high levels of reproduction and
recruitment by common carp during hypoxic years (McNeil and Closs 2007; Bajer and
Sorenson 2009). Silver Carp appear to be highly mobile, which has likely influenced their
rapid spread throughout the Mississippi River basin. Despite their presence in a nonnative ecosystem, these fishes appear to respond to similar environmental cues (i.e., water
level changes) to those encountered in their native range, exhibiting broad-scale
movements likely associated with spawning and overwintering. Control efforts may be
targeted to times of high mobility or when fish are stationary depending on the
management technique employed. Similar to conclusions from the Illinois River, Silver
Carp did utilize backwater habitats (DeGrandchamp et al. 2008), making these likely
targets for control efforts. Silver Carp appear to exhibit a high degree of plasticity in their
movements (i.e., variability in movements among years) and have the potential to rapidly
disperse through a non-native ecosystem. However, the observed variation does exhibit
strong seasonal patterns in movement distance, rate, and directionality that allows for the
prediction of dispersal patterns and could be incorporated into dispersal models in the
future.
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Figure 3.1 Locations of Vemco VR2W stationary receivers within the Wabash River,
Indiana, USA, indicated by triangles. Area included in the enlarged image is indicated by
the black square. Area of river covered by active tracking is included in the shaded square.
Scale bar is for enlarged area of Wabash River.
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Figure 3.2 Hydrograph of the Wabash River, IN, USA from United State Geological
Survey river gage #03335500.
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Figure 3.3 Summary of the movements of silver carp by month. a) Proportion of
consecutive detections indicating no movement. Of those individuals that did move, b)
Mean (1/2SD) movement rate and distances varied by month. c) Directionality of silver
carp movements upstream of downstream of their previous detection. Movements from
January, February, November and December were not included as small sample sizes
prevented accurate comparisons (n = 1, 2, 8, and 1 respectively)
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Figure 3.4 Movement distances and rates from 2011-2013 across months included in twofactor blocked ANOVA (month and year) with an individual silver carp random effect. a)
Movement distance and rate (1/2 SD) was greater in 2013 than in 2011 and 2012. Mean
monthly b) movement distance (1/2 SD) and c) movement rate (1/2 SD) of silver carp
from 2011 – 2013. The highest movement rates for most months were in 2013 (> 2011 in
June and August; > 2012 in May-July). September had significantly higher movements
rates (2011-2013) as did October (2011) than summer months (May-August). In 2012,
March also had higher movement rates than summer months (May-August).
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Figure 3.5 Summary of the movements of silver carp in a) June and b) September.
Months with higher movement rates tend to have more broad-scale movements while
summer months tended to have more, smaller movements.
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Figure 3.6 Number of tagged Silver Carp located and hydrograph at different locations on
the Wabash River, Indiana, USA, in 2013. Days of year (DOY) included were selected to
cover pre-spawn and spawn time periods. Shaded area in Fig 2a indicates time period
enlarged in other figure parts (b-d). Locations of the stationary receivers (VR2Ws) whose
data are displayed are: a) Backwater 1 located near River Kilometer (RKm) 499; b)
Backwater 1; c) RKm510; d) RKm521. Dashed line is gage height and solid line is
number of tagged fish.
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Table 3.1. Summary of detections collected using Vemco VR2W stationary receivers and
active tracking of Silver Carp including the mean number of detections fish-1 year-1 for
Silver Carp. The number of VR2Ws are the number of stationary receivers deployed
during that year.

Year
2011
2012
2013
Total

Detections fish-1
year-1 (SE)
1378 (759)
1993 (859)
209 (140)
1194 (586)

Stationary
62,849
1,144,025
365,365
1,572,239

Active
299
347
157
803

# VR2Ws
13
13
11
16
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Table 3.2. Results of model selection procedures to predict movement distance of silver
carp using a linear mixed model. Only models with delta AIC < 2.00 are shown.
Variables included in the model were: river gage (Gage), change in gage over 24 hour
(Gage24), growing degree day (GDD), cumulative growing degree day (CGDD), day of
year (DOY), year, month, and sex. Year and sex were categorical. Individual fish were
included in all models as a random effect. Information presented on each model includes
AIC with small sample size correction (AICC), delta AIC (∆ AIC), AIC weight (WAIC)
and cumulative AIC (CAIC).
Model
Gage+GDD+DOY+Month+Year
Gage+GDD+Sex+DOY+Month+Year
Gage+Gage24+GDD+DOY+Month+Year

AICc
14189.7
14191.1
14191.3

∆ AIC
0
1.32
1.54

WAIC
0.51
0.26
0.23

CAIC
0.51
0.77
1
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Table 3.3. Results of model selection procedures to predict movement rate of silver carp
using a linear mixed effects model. Only models with delta AIC < 2.00 are shown.
Variables included in the model were: river gage (Gage), change in gage over 24 hour
(Gage24), growing degree day (GDD), cumulative growing degree day (CGDD), day of
year (DOY), year, month, and sex. Year and sex were categorical. Individual fish were
included in all models as a random effect. Information presented on each model includes
AIC with small sample size correction (AICC), delta AIC (∆ AIC), AIC weight (WAIC)
and cumulative AIC (CAIC).
Model
AICc ∆ AIC WAIC CAIC
Gage+GDD+CGDD+DOY+Month+Year
16494.2
0
0.59
0.59
Gage+Gage24+GDD+CGDD+DOY+Month+Year 16495.0 0.76
0.41
1
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Table 3.4. Results of model averaging of all models with ΔAIC < 2. Average model
coefficients are listed with associated p-values listed below in italics. Models for
movement distance (m) and movement rate (m/week) were linear mixed effects models
while the model for movement probability (move = 1, stationary = 0) was a logistic
mixed effects model. Variables included in the model were: river gage (Gage), change in
gage over 24 hour (Gage24), growing degree day (GDD), cumulative growing degree day
(CGDD), day of year (DOY), year, month, and sex. Year and sex were categorical.
Individual fish were included as random effects.
Movement Movement Movement
Model
Distance
Rate
Probability
Gage
2.756
4.600
-0.077
0.027
0.001
0.033
Gage24
-0.224
1.333
0.664
0.771
0.584
< 0.0001
GDD
0.562
1.380
0.006
0.0004
< 0.0001
0.437
CGDD
-0.011
-0.001
0.014
< 0.0001
Female
2.953
-1.223
0.597
< 0.0001
Male
2.151
0.034
0.643
0.913
Unknown
2.026
-0.830
0.634
0.006
DOY
-0.062
0.291
-0.025
0.027
< 0.0001
< 0.0001
March
9.037
29.612
-1.223
0.004
0.082
< 0.0001
April
2.486
-36.811
-0.234
0.674
0.002
0.512
May
5.088
-39.838
2.246
0.332
0.0001
< 0.0001
June
6.275
-48.355
3.375
0.282
< 0.0001
< 0.0001
July
9.384
-59.643
3.581
0.136
< 0.0001
< 0.0001
August
17.132
-59.490
3.978
0.013
< 0.0001
< 0.0001
September
31.309
21.234
3.720
0.0001
0.212
< 0.0001
October
40.731
4.253
-20.171
< 0.0001
0.292
< 0.0001
2011
9.037
29.612
-1.223
0.082
0.004
< 0.0001
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Table3.4 Continued

Model
2012
2013

Movement Movement Movement
Distance
Rate
Probability
14.862
39.572
-0.708
0.0003
< 0.0001
0.003
17.079
55.613
-2.209
0.0005
< 0.0001
< 0.0001
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Table 3.5. Results of model selection procedures to predict movement probability using a
logistic mixed effects model. Only models with delta AIC < 2.00 are shown. Variables
included in the model were: river gage (Gage), change in gage over 24 hour (Gage24),
growing degree day (GDD), cumulative growing degree day (CGDD), day of year (DOY),
year, month, and sex. Year and sex were categorical. Individual fish were included in all
models as a random effect. Information presented on each model includes AIC with small
sample size correction (AICC), delta AIC (∆ AIC), AIC weight (WAIC) and cumulative
AIC (CAIC).
Model
Gage+Gage24+GDD+CGDD+Sex+DOY+
Month+Year
Gage+Gage24+CGDD+Sex+DOY+Month+
Year

AICc

∆ AIC

WAIC

8600

0

0.54

0.54

8600.3

0.31

0.46

1

CAIC
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CHAPTER 4. PREDICTORS OF BIGHEADED CARP DRIFITNG EGG DENSITY
AND SPAWNING ACTIVITY IN AN INVADED, FREE-FLOWING RIVER

4.1

Abstract

Successful reproduction of non-native species is a critical step in the invasion
process, influencing establishment and spread. Predicting invasive species’ reproduction
is often based on information collected from species’ native ranges; however,
environmental variables within the invaded range may provoke different responses.
Bigheaded carps (Hypophthalmichthys spp.) have successfully invaded many water
bodies worldwide and are threatening to invade the Laurentian Great Lakes. We
examined bigheaded carp spawning in a mostly unregulated, invaded ecosystem (Wabash
River, IN, USA). This river is similar in flow, depth, and gradient to multiple Great
Lakes tributaries that will likely support bigheaded carp populations in the event of
successful invasion; it can therefore provide insights into the potential spawning of
bigheaded carp in the Great Lakes. Spawning occurred over a protracted period, and
while initiation of spawning has been reported to require changes in water level in their
native ranges, this association was not observed in the Wabash River. However,
changing water levels did appear to influence egg density, with large rises in late spring
producing high drifting egg densities. Cumulative growing degree day was the most
influential factor predicting initiation of spawning activity. Overall, it appears that
bigheaded carp exhibit the ability to spawn under a
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variety of environmental conditions, with changing water levels potentially targeting
spawning to periods when reproductive success may be more likely. The successful
establishment of invasive species may hinge on their ability to reproduce across wideranging environmental conditions. The reproductive plasticity displayed by bigheaded
carp will therefore likely contribute to their successful reproduction in Great Lakes
tributaries if introductions result in a sufficient founding population.
4.2

Introduction

Invasive species are often studied to determine the traits that contribute to the
species’ successful invasion of and establishment in novel environments (e.g., Lee 2002;
Marchetti et al. 2004; Garcia-Berthou 2007). There is no question that reproductive
success is necessary for establishment and promotes spread through increased propagule
pressure. Thus, reproductive ecology (e.g., maturity, spawning requirements, spawning
length, fecundity) often plays a major role in the successful establishment of an invasive
species (Gozlan et al. 2003; Marchetti et al. 2004; Deacon et al. 2011), and individuals
may even allocate more energy towards reproduction during invasions (Hawkes 2007).
However, differences in environmental cues of introduced versus native ecosystems may
provoke novel reproductive strategies. It is therefore important to examine reproductive
ecology of invasive species in invaded ecosystems and examine how reproductive
plasticity may facilitate establishment and spread.
Successful invasive species often exhibit high levels of plasticity in multiple traits,
such as reproductive ecology (David et al. 2004; Alcaraz et al. 2005; Deacon et al. 2011).
This plasticity makes it difficult to predict when and where non-native species may
become established in novel environments. Reproductive strategies such as ovoviviparity
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(Deacon et al. 2011) and parental care (Gozlan et al. 2003) may facilitate establishment
because high levels of parental investment enhance offspring survival and parental fitness.
Timing of spawning is often mediated by environmental variables such as temperature
(Achord et al. 2007; Keefer et al. 2007; Dahl et al. 2004) and can coincide with plentiful
food resources or improved environmental conditions that can contribute to reproductive
success and enhance recruitment (Anderson 1988; Hinrichsen et al. 2003), thus positively
impacting reproductive outcomes favoring establishment and spread. Thus, examining
reproductive ecology of invasive species across both native and novel environments
could lead to improved understanding and predictions of which species are most likely to
successfully invade.
One approach to invasive species prevention and control is modeling to evaluate
water bodies for their vulnerability to AIS based on ecology and life history, usually
based on data from a species’ native range. For example, Lake Erie tributaries have been
examined using this approach to determine their suitability for grass carp
(Ctenophayngodon idella) reproduction, and evidence of recruitment has since been
detected in one of the tributaries predicted to be most vulnerable (Kocovsky et al. 2012;
Chapman et al. 2013). This approach is an obvious first step in predicting reproductive
success of AIS in invaded environments. However, reproductive plasticity in response to
novel environmental metrics can facilitate successful establishment over a much wider
range of environments than may be initially apparent, weakening the ability of this
approach to accurately predict invasion success in some cases.
While regulations have helped to slow non-native species introductions, the
Laurentian Great Lakes have been affected by a large number of aquatic invasive species
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(AIS), some of which have had severe deleterious impacts. Bigheaded carps
(Hypophthalmichthys spp.; silver carp, bighead carp and hybrids and backcrosses of these
species; hereafter, BHC) exhibit multiple traits of successful invasive species such as
early maturity, rapid growth and high fecundity (Chick and Pegg 2001; Kolar et al. 2007),
have known negative impacts on invaded ecosystems (Chick and Pegg 2001), and are
currently threatening to invade the Great Lakes Basin. Considerable resources have been
invested on early detection, rapid responses, and the electric barriers near Chicago to help
prevent BHC introductions. The rapid population growth exhibited by invasive BHC
(Chick and Pegg 2001) indicated that high reproductive success was likely an important
component of their invasion success and will likely contribute to their future success in
the Great Lakes. Elements of BHC reproductive ecology, including environmental
factors thought to influence reproduction, are therefore important for models seeking to
predict their invasion success in novel environments. Multiple efforts have been made to
develop such models based on bioenergetics, habitat suitability and the river length
required for successful spawning for the Laurentian Great Lakes (e.g., Chen et al. 2007;
Cooke and Hill 2010; Kocovsky et al. 2012; Long et al. 2014). These efforts have led to
the broad conclusion that BHC are likely to successfully establish in this system given
sufficient introductions, leading to myriad negative impacts on native species; however,
there is not complete agreement regarding these predicted outcomes (Whittman et al.
2014). Regardless, these assessments assume reproductive ecology in the Great Lakes
and other invaded ecosystems will be similar to the species’ native ranges. It is possible
that altered reproductive ecology in response to novel environments could result in
unexpected outcomes in newly invaded ecosystems.
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Multiple lines of evidence contend that the reproductive ecology of invasive
species in invaded ecosystems often departs from that reported either in the native range
or across different invasive populations, often through high levels of phenotypic plasticity
in response to environmental cues (e.g., BHC, Coulter et al. 2013; pumpkinseed Lepomis
gibbosus, Copp and Fox 2004, Fox et al. 2007, Fox and Copp 2014; round goby
Neogobius melanostomus, Gutowsky and Fox 2011, Hôrková & Kováč 2014; topmouth
gudgeon Pseudorasbora parva, Záhorská & Kováč 2013, Záhorská et al. 2013; white
perch, Morone americana; Feiner et al. 2012). Such plasticity must be examined to
improve model performance and enhance management decisions. For example,
successful BHC spawning and embryo development, including hatching, was thought to
require approximately 48-100 km of free flowing river (Nico et al. 2005; Kolar et al.
2007); however, recent evidence demonstrates that this distance may be much shorter
(Garcia et al. 2013). Additionally, BHC have been found to spawn in a smaller
watershed than previously thought possible (Coulter et al. 2013) and to be less specific in
their spawning site selection (Deters et al. 2013).
Our study goal was to determine the environmental factors that influence BHC
reproductive ecology in an invaded ecosystem. We thus examined several aspects of
BHC reproduction across multiple years to determine whether specific environmental
factors can predict spawning initiation and cessation and drifting egg density. We also
examined whether invasive BHC exhibit reproductive ecology driven by responses to
environmental conditions that may produce differences in spawning timing and triggers
across invaded ecosystems.
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4.3

Materials and Methods

Drifting bigheaded carp eggs were collected at Wabash River Kilometer (RKM)
499 near West Lafayette, IN, USA, using paired bongo nets (60 cm diameter each, 500
µm mesh) from 2012-2014 (Figure 4.1). Triplicate bongo net pulls were conducted
weekly once water temperatures were >15°C and continued until no eggs were collected
for three consecutive weeks. Typically, this resulted in sampling from April – October.
The net was towed with the current from the bow of a 4.9 m boat piloted downstream at 8
km h-1 for approx. 5 min. The volume of water sampled was quantified using a
flowmeter (G. O. Environmental, Miami, Florida) mounted inside the mouth of the bongo
nets. Collected samples were taken to the lab and eggs were sorted, counted and verified
as BHC eggs under magnification based on descriptions in Chapman (2006). Genetic
verification of BHC eggs collected and identified in this same manner had previously
been done using eggs collected in 2011 (Coulter et al. 2013). Mean egg density (eggs/m3)
was calculated using flowmeter readings calculated according to manufacturer’s
instructions. The flowmeter malfunctioned in July 2012, and so average sample volumes
were calculated from the flowmeter readings from the surrounding dates (June and
August) with similar river discharge (as judged by USGS river gage), and that mean
volume sampled was used to determine egg density for July sampling dates.
Environmental variables were also collected for each sampling event. Water
temperature (alcohol thermometer ±0.25 °C) was measured during weekly sampling
activities. Water level was also recorded based on gage height measurements from a
nearby river gage (USGS gage 03335500). Cumulative growing degree day (CGDD)
was calculated using a base temperature of 10°C. Other base temperatures (0 and 15°C)
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were also attempted; however, a base temperature of 10°C provided that best predictive
power for the 2014 data. Temperatures for CGDD calculation were obtained from a
nearby weather station (NOAA station GHCND: USC00129430) as consistent water
temperature data from the Wabash River were not available Because only air data were
available, except for on egg sampling days, CGDD estimates may be slightly off from
what the fishes would actually experience in the river. However, air temperature data
were more widely available. Precipitation was also obtained from the same weather
station.
Predictor variables used for the statistical models were day of year (DOY), water
temperature, gage height, change in gage height over 24 hours, hours of daylight, and
CGDD. Precipitation was initially included but could then not be used as it was strongly
correlated to 24 hour change in river gage height (r = 0.67). All variables were
continuous. Drifting egg density was evaluated using the previously mentioned
environmental predictors and generalized linear models. For the purposes of this study,
drifting egg density is used as a surrogate for the amount of spawning occurring upstream
of our sampling location but provides no indication of recruitment to the population. All
possible models were run and evaluated using Akaike’s Information Criterion corrected
for small sample size (AICC). All models with ΔAIC < 2 were averaged to create the best
model for drifting egg density.
The initiation and cessation of spawning activity (spawning = 1, no spawning = 0)
were modeled using Firth’s penalized likelihood method for logistic regression (Firth
1993; Heinze and Schemper 2002; Heinze et al. 2013 [logistf package; http://CRAN.Rproject.org/package=logistf, accessed: 10 January 2015]), based on the same
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environmental variables described above. Spawning was considered to have started at
the first detection of eggs each year while spawning was considered to have ceased when
eggs were not detected on a sampling date or for two additional weeks afterward (3
weeks without eggs collected). Only data collected from before and during the spawning
season were used to predict the beginning of spawning and only data from during and
after the spawning season were used to predict the cessation of spawning. Backward
stepwise selection was used to determine the best model using penalized likelihood ratio
tests. Drifting egg density, spawning initiation and cessation statistical models were
generated with data from 2012 and 2013 and the best model predictions were tested using
data from 2014 to evaluate model efficacy. All statistics were run in R (R core
development team, v. 3.1.1) with an α = 0.05.
4.4

Results

Spawning of BHC typically began in May and ended in September, although this varied
annually (Table 4.1). Maximum BHC egg densities observed in 2012, 2013 and 2014
were 526.7, 10976.6 and 17.8 (egg/m3), respectively (Figure 4.2). Water level changes in
conjunction with appropriate water temperatures were associated with a mass
reproductive event in early June 2013, although peak drifting egg densities did not
correspond with water level changes in 2012 or 2014. Maximum drifting egg density
through the entire study period occurred in June 2013.
Prior to model selection for egg density, the highest egg densities from 2012 and
2013 were removed as these extreme outliers consistently produced overestimates of egg
densities in the resulting models. Hours of daylight and CGDD were the two most
common environmental variables included in the top egg density models (Table 4.4) with
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both tending to have a negative influence on density; however, daylight was not
significant in the averaged model (Table 4.5). CGDD and DOY were both significant in
the final model but, despite the removal of these outliers, the egg density model tended to
over predict drifting egg densities (Table 4.3; R² = 0.24).
The best model to predict spawning initiation included only CGDD, while the best
model to predict the cessation of spawning contained CGDD and DOY (Table 4.2). The
model to predict spawning cessation failed to predict when spawning would end in 2014.
However, the model to predict spawning initiation accurately predicted the presence or
absence of eggs 15 of 16 weeks (or 94% of sampling events) in 2014. The single
inaccurate prediction occurred at the very end of the spawning season (Table 4.3). On
DOY 141 (2014), there was a predicted 50% chance that eggs would be present, although
none were detected.
4.5

Discussion

Bigheaded carp spawning in the Wabash River exhibited some inconsistencies with
information based on studies in their native distribution. While peaks in drifting egg
density were evident in all study years, it was clear that BHC spawned continuously once
spawning was initiated. Moreover, peak drifting egg densities co-occurred with a
substantial change in water level during only one of the three study years despite the
reported significance of such water level changes as spawning cues reported from the
species’ native range. In fact, 2012 was a severe drought year, with no substantial
changes in hydrograph during the spawning season, but BHC still produced eggs
consistently across four months. Despite considerable variation in egg density and
presence trends between 2012 and 2013 and even within spawning seasons, it was
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possible to predict when spawning was likely to occur and peaks in drifting egg density
in 2014 based on the developed models. Although peaks in drifting egg density were
evident, BHC appeared to spawn continuously once initiated and do not appear to require
a change in hydrograph to initiate spawning activity. Overall we demonstrated that
invasive BHC were able spawn across a variety of environmental conditions beyond
expectations based on data from their native ranges.
Some evidence of differences in the life history and reproductive traits of BHC
between native and invaded ranges existed prior to this study (Coulter et al. 2013; Deters
et al. 2013), although this study provides more explicit relationships between these traits
and environmental factors in an in invaded ecosystem. Drifting eggs were found at lower
temperatures than the 18°C indicated by native range literature (reviewed in Kolar et al.
2007). Additionally, we detected drifting eggs over a 5-month period, while literature
based on the species’ native ranges indicates spawning may occur only within a three
month period (Kolar et al. 2007). Moreover, published studies on BHC in their native
ranges also make no reference to the protracted spawning observed here and reported at
least anecdotally by other studies from invaded ecosystems (Rassmussen 2002; Schrank
and Guy 2002; Papoulias et al. 2006; Coulter et al. 2013). Available literature also
indicated that BHC spawning was strongly linked to rising hydrographs (Abdusamadov
1987; Kocovsky et al. 2012), although we provide clear evidence that substantial changes
in water levels are not a requirement based on 2012 observations. It is thus clear that
there is substantial variation in BHC reproductive ecology between invaded and native
ecosystems, and it is very likely that this reproductive plasticity plays a key role in their
invasion success.
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Risk assessments and habitat projections are often used to predict where invasive
species may occur to prevent and control future invasions. Our results indicate that
CGDD is an important factor to consider in determining when BHC may reproduce in
novel and invaded environments. Growing degree day and temperature are important
factors known to affect maturation rates and egg development in fishes and may
synchronize spawning (Hamel et al. 1997; Neuheimer and Taggart 2007; Venturelli et al.
2010). For example, peak drifting egg densities in 2014 occurred much later than in 2012
and 2013, likely resulting from colder than normal conditions during winter 2013 and
spring 2014. The best model to predict the cessation of spawning contained CGDD in
addition to DOY, but this model failed to accurately predict when spawning ceased in
2014. However, prediction of spawning cessation may not be as useful as successfully
predicting spawning initiation. Based on this study, it appears that BHC spawning in
invaded systems may begin around a specific CGDD regardless of water level changes.
Additionally, we calculated CGDD using freely available data from a nearby weather
station, and this could provide a simple means for managers to determine when BHC may
spawn in a given system, including Great Lakes tributary rivers.
Density of drifting BHC eggs varied both across and within seasons. Drifting egg
densities varied considerably within each year with peaks in density indicating potential
increases in spawning on certain dates. Contrary to what was expected based on data
from their native range (i.e., spawning on falling limb of hydrograph), change in
hydrograph was not included in the best model; however, water level changes did appear
to have some effect on drifting egg density as observed in June 2013. The model of
drifting egg density predicted two peaks in 2014. While the egg density model did
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consistently over-predict drifting egg density, some of the trends do align. More
specifically, there was a small initial peak in egg density that was over-predicted by the
model and a second peak later in the year that was under predicted. Inclusion of a
measure of biomass or numbers of mature females spawning on a given day may improve
the estimates of egg density from the model, as would the inclusion of an assessment of
overwintering conditions for these fishes. However, the in situ collection of these eggs
limited our ability to examine this more closely. Additionally, our weekly sampling
protocol may have resulted in our failure to detect some changes in drifting egg density.
While BHC exhibited protracted spawning in our study, it is also clear that these
fishes maximize spawning efforts at specific times as evidenced by variation in drifting
egg density throughout each spawning season. For example, observed egg densities on 3
June 2013 exceeded 10,000 eggs/m3. This particular spawning event coincided with an
ideal combination of variables as indicated by the literature and may indicate preferred
spawning for these fishes, including a significant change in hydrograph and a water
temperature of at least 18°C (Abdusamadov 1987). By targeting reproductive effort to
times with higher flows, BHC eggs may be more likely to remain entrained in the river
flow, thus decreasing mortality from settling (Kolar et al. 2007). Additionally, higher
and changing or declining water velocities may function to distribute eggs and larvae
across a greater spatial range, which could reduce intraspecific competition and assure
that at least some larvae are delivered to more favorable habitats. However, spawning
was also observed with no changes in hydrograph, although drifting egg densities
associated with these events were typically low. It is possible that higher temperatures
and rapid embryo development (George and Chapman 2013) still allow eggs to hatch and
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larvae to survive despite static hydrographs and associated lower water velocities. This
would allow invasive BHC to reproduce over a wide range of environmental conditions.
Moreover, production of low drifting egg density over an extended time period may have
better potential to yield at least some new recruits versus not spawning at all. No
recruitment data are available for the Wabash River, and so survival of embryos produced
at across the protracted spawning season could not be assessed in this study. This
apparent ability of BHC to reproduce under highly variable environmental conditions
likely contributes greatly to their success as invasive species in novel environments.
There was substantial variation in drifting egg densities between years, with higher
densities detected in 2012 and 2013 than in 2014. Harsh overwinter conditions may also
have influenced the lower overall drifting egg densities observed in 2014 as winter 20132014 experienced cooler temperatures and greater than average snowfall. This
information seems to indicate a potential influence of overwintering conditions on egg
production and may require additional examination to determine the exact mechanisms
governing this. Overwinter conditions are known to influence fecundity in fishes (e.g.,
Tanasichuk and Ware 1987). If colder overwinter temperatures do suppress egg
production in BHC, this may indicate that BHC egg production at higher latitudes may be
reduced, potentially contributing to less recruitment and slower population growth.
Some fish species exhibit a bet-hedging strategy where they may engage in
multiple or protracted spawning events to ensure survival of at least some offspring, and
this may be a contributing factor to the success of bigheaded carps. Engaging in multiple
spawning events is known to lead to more successfully invasive populations (Russell et al.
2012), and protracted spawning in an environmentally variable ecosystem may make it
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more likely for at least some offspring to survive. Protracted spawning in BHC has
previously been speculated based on ovary/egg development (Papoulias et al. 2006) and
co-occurrence of variably sized young-of-year (Schrank et al. 2001; Rasmussen 2002).
Moreover, Coulter et al. (2013) provided direct evidence of protracted spawning via
collection of drifting eggs throughout the summer. Spawning in these species is
protracted both in North America (Freeze and Crawford 1983; Coulter et al. 2013) and
abroad (Berg 1964 in Kolar et al. 2007; Aliyev 1976), but we are not aware of this
reproductive strategy being reported in their native range. It can be advantageous for
offspring produced toward the end of the protracted spawning season due to reduced
competition for resources (Garvey et al. 2002; Rinchard and Kestemont 1996), and other
invasive cyprinids have been shown to be successful when they spawned later than native
species (Alcaraz et al. 2005). Evidence of protracted spawning by BHC in Midwestern
North America suggests that this is an important strategy for maximizing the chances that
a least some offspring survive to recruit under novel and often highly variable
environmental conditions.
Bigheaded carp spawning in the Wabash River demonstrated that these invasive
species can vary their reproductive strategies in invaded ecosystems, presumably in
response to highly variable and novel environmental conditions. Other aquatic invasive
species demonstrate similar changes in reproductive strategy in varying environmental
conditions to increase establishment success (Deacon et al. 2011). For example, grass
carp were found to have successfully reproduced in a much shorter river length than what
had previously been considered possible in the Sandusky River, OH, USA (Chapman et
al. 2013). The ability of invasive species to successfully reproduce under a new suite of
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environmental conditions is critical for the successful establishment and spread of that
species. Previous work has shown that environmental tolerance may play a role in the
successful establishment of invasive species (Marchetti et al. 2004; Moyle and Marchetti
2006), and so successful reproduction across a wide suite of environmental conditions
may also promote invasion success. On the other hand, CGDD appears to be a useful
predictor for spawning initiation in BHC regardless of the complexity of shifts in their
reproductive strategy to accommodate variable environmental (e.g., flow) and climatic
(e.g., drought vs. no drought) conditions. These results suggest that monitoring invasive
BHC spawning, including eDNA and future control strategies, could be targeted to
specific time periods based on CGDD to detect new introductions in locations like the
Laurentian Great Lakes with minimized effort. Additionally, the Wabash River may
provide an indication of how BHC may reproduce in Great Lakes tributaries if sufficient
introductions occur to allow establishment in the Great Lakes’ Basin.
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Figure 4.1. Map of location on the Wabash River, IN, USA, at RKM 499 where
sampling of bigheaded carp eggs occurred. Additionally, the positions of the weather
station where temperature data was obtained for growing degree-day calculations is
shown as well as the location of the river gage that measured discharge.
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Figure 4.2. Egg densities collected across the A) 2012, B) 2013 and C) 2014 spawning
seasons from the Wabash River, Indiana, USA. The solid line represents hydrograph
while the dashed line indicates water temperature.

Table 4.1. Summary of bigheaded carp spawning activity in the Wabash River, IN, USA. Spawning descriptors include dates of
initial egg detection (initial), peak egg density (peak) and the last day eggs were detected that year (end). The maximum and
minimum water temperatures at which eggs were detected, the maximum and minimum egg densities collected each year, and the
cumulative growing degree day (CGDD, base 10°C) at initial egg detection (initial) and at peak egg density (peak) are provided.

Year
2012
2013
2014

Initial
7-May
19-May
27-May

Date
Peak
1-Jul
3-Jun
30-Jul

End
27-Aug
9-Sep
3-Sep

Water Temperature
(°C)
Min
Max
18.5
28.6
16.5
25.5
19
26

Egg Density
(eggs/m3)
Min
Max
0.07
526.7
< 0.01
10976.6
0.04
17.8

CGDD
Initial
Peak
293.5
910.5
228.1
365.3
227.65
951.2
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Table 4.2. Best models as indicated by backward model selection using penalized
likelihood ratios for the initiation and cessation of spawning. Coefficients in the best
models are listed with associated confidence intervals (C.I.) and p-values. Models
included day of year (DOY) and cumulative growing degree day (CGDD, base 10°C).
Other possible coefficients included in full models but in none of the final models were
amount of daylight (hrs), water temperature (°C), river gage (m), and change in river
gage height over 24 hours.

Model
Spawn
Initiation
C.I.
p

-5.50
(-20.20, -0.92)
0.007

Spawn
Cessation

-8.75

0.050

(-23.85, -1.19)
0.025

(0.02, 0.17)
0

C.I.
p

Intercept

DOY

CGDD

Likelihood
Ratio

p

0.032
(0.01, 0.12)
< 0.0001

22.66

< 0.0001

-0.01
(-0.03, 0.002)
< 0.0001

26.92

< 0.0001
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Table 4.3. Results of predictive models for 2014 bigheaded carp spawning season in the
Wabash River, IN, USA. Actual egg densities represent the mean of three bongo net
pulls (±SE) except for day of year (DOY) 162 where only one bongo net pull was done.
Models were constructed from 2012 and 2013 data. Initiation and cessation spawning
models used penalized logistic regression to predict the probability that spawned eggs
would be present at a given DOY, spawned eggs while the density model was a linear
model to predict egg density (eggs/m3). Model coefficients are listed in Table 4.2 and 4.5.
Egg
DOY Presence
127
0
135
0
141
0
147
1
162
1
171
1
176
1
181
1
189
1
198
1
204
1
211
1
220
1
225
1
234
1
239
0
246
1
255
0
260
0
267
0

Egg Density ±SE
(eggs/m3)
0
0
0
1.17 ±0.49
0.33
0.10 ±0.05
0.10 ±0.04
0.37 ±0.09
0.16 ±0.03
4.69 ±0.88
8.80 ±1.05
17.76 ±7.62
7.33 ±1.30
0.46 ±0.08
0.41 ±0.21
0
0.09 ±0.03
0
0
0

Density Spawn
Spawn
Model Initiation Cessation
0.06
0.29
0.50
139.69
0.85
0.93
130.40
1.00
0.94
136.65
1.00
0.95
131.73
1.00
0.95
139.58
1.00
0.96
136.05
1.00
0.96
126.58
1.00
0.96
127.58
1.00
0.96
115.79
1.00
0.96
112.32
1.00
0.97
103.82
1.00
0.97
104.23
1.00
0.97
82.98
1.00
0.98
85.25
1.00
0.98
0.99
1.00
1.00
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Table 4.4. Generalized linear models to predict drifting egg density (eggs/m3) in the
Wabash River, IN, USA, selected based on Akaike’s Information Criterion corrected for
small sample size (AICC). Full model included cumulative growing degree day (CGDD,
base 10°C), day of year (DOY), river gage height, water temperature, daylight, and
change in river gage over 24 hr.

Intercept CGDD DOY
22.9
-0.02
50.4
62.6
-6.74
22.8
-3.1
-0.02
27.9
-0.02
163.7
106.9
-0.02

Gage
(m)

Water
Temperature
(°C)

Daylight
(hrs)
0.22
0.25
0.28

1.67
1.18
-4.72
2.34

9.21
5.60

AICC
301.5
301.9
302.2
302.3
302.8
302.9
303.4
303.4

ΔAIC
0.00
0.42
0.71
0.86
1.39
1.41
1.95
1.96

AIC
Weight
0.204
0.165
0.143
0.133
0.102
0.101
0.077
0.077
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Table 4.5. Results of model averaging to predict drifting egg density (eggs/m3) in the
Wabash River, IN, USA, of generalized linear models from Table 4. This averaged
model exhibited an R2 = 0.24.

Intercept
CGDD
DOY
Gage (m)
Water Temperature (°C)
Daylight (hrs)

Coefficient
53.8
-0.02
-0.29
-5.91
1.74
7.74

SE
72.9
0.01
0.13
4.67
1.28
7.67

p
0.47
0.02
0.03
0.22
0.19
0.33
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CHAPTER 5. HYBRIDIZATION BETWEEN TWO INVASIVE FISHES AND ITS
IMPLICATIONS FOR THEIR MANAGEMENT

5.1

Abstract

Hybridization of invasive and native species often affects establishment and
invasion success of invasive species and negatively impacts native species. As invasive
species become more common, invasive-invasive hybrids are emerging, helping these
species overcome genetic bottlenecks and increase their chances of successful
establishment. Invasive-invasive hybridization is less frequent than native-invasive
hybridization, and so impacts of these hybrid progeny are largely unknown. Highly
invasive silver and bighead carp (Hypophthalmichthys spp.) are known to hybridize, and
frequency of hybridization is much greater in their introduced range compared to their
native range. First generation hybrids are known to have an altered gill raker structure
compared to the parental types and potentially different fecundity (more or less
depending on the specific cross), but other ecological and biological differences are
largely unknown. We investigated movements, diet and reproduction of hybrid and
parental bigheaded carp species to determine whether hybrids differ from parental species
in these life history and ecological traits. Overall, condition was similar across bigheaded
carp groups. Movement distance, rate, isotopic niche and egg size were not different
between hybrid and silver carp, but both groups differed in these traits from bighead carp.
Collection of drifting hybrid eggs was consistently low throughout the spawning seasons
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examined; however, hybrid carp adults and drifting eggs were proportionately greater in
2013 compared to 2012. These results suggest that hybrid carp may exhibit similar life
history and ecological traits as silver carp in the Wabash River. As silver carp are much
more abundant than bighead carp, hybrid carp are likely backcrossed with silver carp, and
it is therefore not surprising that they behave similarly to this species. However, the
presence of hybrid carps in the ecosystem may have aided bigheaded carp’s invasion
success. Even slight differences in invasive-invasive hybrids may contribute to higher
genetic variability and more rapid adaptation to novel environments, contributing to the
overall success of the parental species.
5.2

Introduction

The introduction of exotic species into novel environments is a global threat to
biodiversity. Among the consequences of these introductions, hybridization between
native and introduced species can occur when two similar species occupy the same
habitat (Strayer et al., 2006). Widespread invasive-native hybridization (INH) can reduce
native species abundance and genetic diversity, and may even lead to local extirpation or
extinction of species (Rhymer and Simberloff, 1996; Huxel, 1999; Wolf et al., 2001;
Mallet et al. 2005). In addition to impacts on native species, INH can also facilitate
invasions (Petit et al., 2003) through increased genetic diversity in the invasive species.
Many invasive species exhibit limited genetic variability due to founder effects or
genetic bottlenecks. While multiple introductions can increase genetic diversity in these
invading populations (Lockwood et al., 2005; Dlugosch and Parker, 2008; Lejeusne et al.,
2014), hybridization and introgression can serve much the same purpose (Abbott, 1992;
Ellstrand and Schierenback, 2000). By increasing genetic diversity or heterozygosity of
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invasive populations, hybridization with native species may improve survival (Fitzpatrick
and Shaffer, 2007) and increase individual fitness over a wide variety of environments
(Rosenfield et al., 2004; Meyerson et al. 2010). Beyond genetic diversity, INH may also
incorporate locally adapted traits into the invasive species’ genome, promoting more
rapid adaptation to novel environmental conditions (Rieseberg et al., 2003; Nolte et al.,
2005). Hybridization can also produce novel phenotypes (Abbott, 1992; Gaskin and
Schaal, 2002; Ayers et al., 2004; Fitzpatrick et al., 2012), new species (Abbott 1992), or
hybrid vigor (Facon et al., 2005). These genetic interactions with native species can allow
hybrids to out-compete native species and/or both parental species (Strayer et al., 2006),
resulting in hybrids potentially becoming more common than the original species (Gaskin
and Schaal, 2002). Therefore, examinations of hybridization in invasive species are vital
as hybridization has the potential to dramatically influence the success and impact of
species invasions.
Most hybridizations involving invasive species result from interactions between the
invasive species and a native species in the receiving ecosystem. Yet, as the number of
introduced species increases, hybridization involving two invasive species becomes more
likely. For example, hybridization between two non-native populations has been reported
in sculpin (Cottus sp.; Nolte et al., 2005) and gobies (Neogobius fluviatilis, N.
melanostomus; Lindner et al., 2013), as well as some plants (Pysek et al, 2003; Suehs et
al., 2004). Such invasive-invasive hybrids (IIH) may reap the genetic and fitness benefits
of increased genetic and phenotypic diversity and more rapid rates of adaptation that have
been observed in INH. However, compared to INH, IIH examples are uncommon, and
thus their impacts have been seldom studied and are poorly understood. Hybridization is
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more common in fishes than most other vertebrate taxa (Scribner et al., 2001), and so
fishes may provide opportunities to examine IIH case studies and examine how IIH
effects species invasions.
Invasive-invasive introgressive hybridization occurs between silver carp
(Hypophthalmichthys molitirx) and bighead carp (H. nobilis), known collectively with
their hybrids as bigheaded carp (BHC), in North America and other invaded ecosystems
(Kolar et al., 2007; Lamer et al., 2010; Boros et al., 2014; Lamer et al., 2014). Hybrid
BHC are relatively uncommon in sympatric native range populations (Kolar et al., 2007);
however, the parental species readily hybridize in novel environments (Lamer et al., 2010;
Kolar et al., 2007) due to apparent differences in spawning cues and locations that keep
sympatric populations of BHC separated in their native ranges (Kolar et al., 2007). The
invasion of BHC therefore provides a unique opportunity to examine the co-invasion of
two species, their hybrids and associated backcrosses, which may be an integral
component in the invasion success of these species. Specifically, introgressive
hybridization of BHC may contribute to increased genetic variation and adaptability in
resulting populations consistent with cases of INH. Hybrid prevalence in BHC is also
important to consider due to their potentially varied impacts on receiving ecosystems and
possible need for additional management strategies (Lamer et al., 2010).
Relatively few differences have been reported in the ecology and biology of BHC
hybrids and parental species to date. For example, first generation hybrids resulting from
female silver carp crossed with male bighead carp show increased growth and fitness,
while later generations and other crosses show reductions in these traits (Voropaev, 1978).
Additionally, a recent study demonstrated slower growth in BHC hybrids relative to the
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two parental types in the first several years of life (Boros et al., 2014); However, hybrid
BHC did not exhibit a decline in growth rate with age as observed in the parental species
(Boros et al., 2014). There are also known differences in the gill raker morphology BHC
that could contribute to variation in diet overlap and competition (Jennings, 1988;
Schofield et al., 2005; Sampson et al., 2009; Lamer et al., 2010). Life history
characteristics of hybrid carp may also differ from parental species. For example, bighead
and silver carp are known to have different egg sizes (Chapman and George, 2011;
George and Chapman, 2013), and preferred spawning water temperatures (Chang, 1966
translated in Opuszyński and Shireman, 1995; Zhou et al., 1980; Krykhtin and Gorbach,
1981), but egg size and preferred spawning temperature of hybrid BHC have yet to be
described. Hybrid BHC preferences in spawning conditions may help to either
reproductively isolate them from the parental species or continue to integrate their genes
into a hybrid complex. As a result of these potential differences in behavior, growth, and
life history, hybrid BHC may have differing impacts on their invaded ecosystems, and
thus deserve separate examination.
This study examined the prevalence and autecological characteristics of invasive
hybrid BHC in an invaded ecosystem, including comparisons of growth, condition,
numerical prevalence in both adults and drifting eggs, movements, isotopic niche, egg
size, and timing of reproduction with parental species by comparing BHC groups:
bighead carp, silver carp, early hybrid BHC and later hybrid BHC. We hypothesized that
growth, interpreted based on length-weight regressions, condition values, movements,
isotopic niches, egg sizes, and timing of reproduction expressed by early and later hybrid
BHC would be intermediate to that observed in parental species. Additionally, we
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hypothesized that early generation hybrid BHC would be more different in these traits
from the parental species than would later hybrid BHC because later hybrids would be
more genetically similar to parental species.
5.3
5.3.1

Materials and Methods

Collection and tagging of adults

Adult BHC were captured near river kilometer (rkm) 499 in the Wabash River,
Indiana, USA, during March – October 2012 and 2013 using boat electrofishing, hookand-line sampling, fyke nets and gill nets. Fishes used in a telemetry study were
anesthetized using electroanesthesia, implanted with individually coded Vemco V16-4H
(Vemco, Bedford, Nova Scotia, Canada) acoustic transmitters (if tag < 2% of fish weight),
and then released. Tagged fish were then tracked using a combination of active and
stationary tracking techniques (Chapter 3). Total length (mm) and weight (g) were
measured and pectoral fin clips were taken using instruments sterilized in 90% ethanol
and then stored at -80°C for later genetic analysis.
Additional BHC captured but not used in the telemetry study were euthanized with
an overdose of MS-222 (>150 mg/L; tricaine methanesulfonate). Following euthanasia,
total length and weight were measured and a fin clip was taken similar to tagged fish.
5.3.2

Genetic identification of hybrid adults and eggs

DNA was extracted from fin clips and eggs according to manufacturer’s
instructions using QIAamp mini DNA kits (Qiagen Inc., Valencia, California, USA).
Extracted DNA was tested with polymerase chain reaction (PCR; CPX96, Bio-Rad
laboratories, Inc., Hercules, California, USA) using PCR protocols described in Lenaerts
et al. (in review) and primers developed for three loci by Mia et al. (2005) to differentiate
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among BHC groups. Results were visualized with gel electrophoresis and interpreted
using basepair sizes and banding patterns described in Mia et al. (2005). Individuals were
grouped as: bighead carp, silver carp, early hybrid BHC or later hybrid BHC. Individuals
that were heterozygous at all three loci tested were included in the early hybrid BHC
group and were likely F1 hybrids (Mia et al. 2005). The later hybrid BHC group included
individuals heterozygous at one or two loci. If sufficient numbers of early hybrids were
unavailable for specific analyses, the early and later hybrid BHC were combined,
resulting in three BHC groups: bighead carp, silver carp and hybrid BHC.
5.3.3

Length-weight regressions, lengths, and condition

General proportions of the occurrence of hybrid BHC were determined and
compared from 2012 to 2013 using chi-squared goodness-of-fit. For this particular
analysis, early and later hybrids were grouped together for later comparison with drifting
egg data. Data used in length-weight regression, length comparison and condition came
from all mature fish captured over the study period. Maturity was determined visually
through examination of the testes or ovaries. Differences between BHC groups in mean
total length were compared using ANOVA with post hoc Tukey’s test to provide an
indication of size differences among groups. Length-weight regressions were determined
for each of the four BHC groups. Slopes of these regression lines were used as proxies
for weight gain across lengths and condition, and analysis of covariance (ANCOVA) was
used to test for differences in slope among groups. As no established standard weight
equations exist for BHC, precluding assessment of individual body condition with
relative weight, length and weight data were instead used to calculate Fulton’s condition
factor (K) where K = weight [g] / length [mm] ^3 (Ricker 1975) providing an indication
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of the health of individual fish. K values were compared among BHC groups using
analysis of variance (ANOVA) with post hoc Tukey’s test. All statistics were run in R (V.
3.1.1) with α = 0.05.
5.3.4

Determinations and analysis of movements

Movements were calculated based on consecutive detections collected from the
same fish (Chapter 3). Movement detections were imported into ArcMap (ESRI,
Redlands, California, USA), and distances between points were measured (km) using the
United States Geological Survey (USGS) National Hydrography Dataset
(http://nhd.usgs.gov/) for the Wabash River. Movement rate (km day-1) and distance (km)
were first averaged for each individual and then by BHC group. Differences among BHC
groups in movement distance and rate were compared using ANOVAs with post hoc
Tukey’s tests to determine the nature of any differences.
5.3.5

Egg size and abundance

Drifting eggs were collected at rkm 499 in 2012 and 2013 using paired bongo nets
(similar to Coulter et al. 2013). Three bongo net pulls were performed once a week
starting when water temperature exceeded 16°C and continuing until eggs were not
collected for three consecutive weeks. The net was pulled just below the water surface in
the thalweg from a boat piloted in reverse (~5 km hr-1) with the current for 3 – 5 min. Up
to 30 randomly selected viable eggs (10 per pull) were measured for diameter and then
stored at -80°C except for day of year (DOY) 139, 2012, when six bongo net pulls were
done (resulting in 60 total eggs). Data for silver carp egg diameters was obtained from
Lenaerts et al. (in revision).
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To compare reproduction of BHC groups, the relative proportions of eggs and
adults belonging to each group were determined and compared with chi-squared tests (χ2)
for each year of sampling. A significant result would indicate that one BHC group was
reproducing disproportionately to their representation in the adult BHC. Egg diameters
were averaged by sampling date and then compared among BHC groups using an
ANOVA with a post hoc Tukey’s test to determine which BHC groups were different
from each other. Numbers of eggs genetically determined to belong to each BHC group
were examined relative to their average numbers from within a given spawning season to
provide of indication of when spawning peaks in the different BHC groups may occur.
Values near zero indicated that egg production of that BHC group on a given sampling
date was average for that year, while high values indicated possible peaks in spawning.
Negative values indicated that fewer drifting eggs were collected from that BHC group
on a given sampling date.
5.3.6 Stable isotope analysis
Isotopic values are influenced by diet (e.g., Vander Zanden et al. 1999), and so δ13C
and δ15N were used to provide estimates of resource use and overlap among BHC groups.
Bigheaded carp were collected from rkm 499 of the Wabash River, Indiana, USA, using
boat electrofishing, gill netting, and hook-and-line in three different seasons (fall 2012,
spring 2013 and summer 2013). All individuals collected within each season were
collected within a maximum period of 2 weeks (fall: 3-Nov-12 to 6-Nov-12; spring: 3Apr-13 to 17-Apr-13; summer: 6-Aug-13 to 15-Aug-13). Individuals were euthanized as
previously described and white muscle samples were collected from just below the dorsal
fin. Surgical instruments were sterilized with 90% ethanol between individuals. Muscle
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samples were frozen immediately in liquid nitrogen and stored at -80°C until further
processing. Pectoral fin clips were also taken as previously described. Muscle samples
were placed in sterile vials and dried at 60°C for at least 24 hrs, immediately ground and
then sealed in sterile vials. Any materials other than muscle (e.g., bone) were removed
from the samples. Ground muscle was shipped to the University of Waterloo,
Environmental Isotope Laboratory (Waterloo, Canada) for stable isotope processing.
Stable isotope values were compared among BHC groups to test for differences in
resource use, including trophic position. To correct stable isotope values prior to analysis,
isotope values were tested for a significant effect of fish total length on lipid content
(Post et al. 2007) by regressing δ13C and δ15N against fish total length and C:N ratio
against δ13C for each BHC group separately. For any significant regressions, residuals
were used to correct δ13C and δ15N values using residuals. δ13C and δ15N values were
then compared using a two-way ANOVA with season, species, and their interaction as
main effects to test for differences among BHC groups and over time. If the interaction of
species and season was not significant, the simpler additive model was used.
5.4

Results

Overall, genetic analysis indicated that length-weight data were collected for 335
silver, 24 bighead, 10 early hybrid BHC, and 37 later hybrid BHC individuals from the
Wabash River (Table 5.1). The proportion of all adult hybrid carp (both early hybrid and
hybrid combined) captured increased from 8.3% in 2012 to 13% in 2013; however, the
proportions of each BHC group were not significantly different among years (Figure 5.1;
χ2 = 0.013, p = 0.98). There were significant differences in mean total length between
BHC groups (ANOVA; F3,402 = 17.53, p ≤ 0.0001). Tukey’s HSD post hoc tests indicated
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that early hybrid BHC were not different in mean total length from any of the other three
BHC groups. Later hybrid BHC and silver carp were significantly smaller in mean total
length than bighead carp. The slopes of BHC length-weight regressions were not
different from each other (Figure 5.2; ANCOVA; F3,245 = 43.19, p < 0.0001, pinteraction =
0.48), indicating weight gain across lengths (i.e., condition) was not different among
BHC groups, although the regression lines were significantly different among BHC. K
was also not different (ANOVA; F3,402 = 1.34, p = 0.26); additionally, bighead carp,
silver carp, early hybrid BHC, and later hybrid BHC were all in relatively good condition
as values were consistently near 1.
5.4.1

Movement of bigheaded carp

Telemetry data were collected for 3 bighead carp, 133 silver carp, 5 early hybrid
BHC, and 10 later hybrid BHC. Bighead carp exhibited a significantly greater mean
movement distance (km) compared to other BHC groups (Figure 5.3; F3,127 = 15.43, p <
0.0001; bighead carp: 74.9 ±63.1, silver carp: 12.1 ±0.8, early hybrid BHC: 12.3 ±2.8,
later hybrid BHC: 9.0 ±2.2). Similarly, bighead carp mean movement rate (km day-1)
were more rapid than the other BHC groups (F3,127 = 6.96, p = 0.0002; bighead carp: 19.9
±9.9, silver carp: 5.9 ±0.5, early hybrid BHC: 2.7 ±0.5, later hybrid BHC: 6.2 ±1.9).
However, movements of bighead carp may have been impacted by the low sample size
(n=3) for this group.
5.4.2

Egg size and abundance

383 eggs were measured and analyzed in 2012 (7 bighead carp, 353 silver carp, 23
hybrid BHC) and 332 in 2013 (19 bighead carp, 273 silver carp, 40 hybrid BHC). Only
one early hybrid BHC egg was collected during this study; thus, all hybrid eggs were
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grouped together for the drifting egg analyses. The proportions of each BHC group
represented in drifting eggs were not different from the expected proportions based on the
adult population in either year (Figure 5.1; 2012: χ2 = 0.059, p = 0.97; 2013: χ2 = 0.013,
p = 0.99). While bighead carp drifting egg abundance was consistently low, hybrid BHC
drifting egg abundances did change slightly across the spawning seasons (Figure 5.4). In
addition, there tended to be more drifting hybrid BHC eggs found earlier in the 2012
spawning season. Silver carp exhibited a peak in drifting egg abundance mid-season in
2012, although no such peak was observed in 2013. Overall, production of drifting eggs
from BHC groups appeared to overlap across the majority of the spawning seasons.
Bighead carp had significantly larger eggs than silver carp and hybrid BHC in 2012
(Figure 5.5; F = 3.98, p = 0.028), although there were no differences in egg diameters
among BHC groups in 2013 (F = 0.67, p = 0.52). Silver carp eggs were significantly
larger in 2013 compared to 2012 (Lenaerts et al. in review), but drifting egg size was not
different between years for bighead carp (t = 1.35, df = 7, p = 0.21) or hybrid BHC (t = 2.00, df = 23, p = 0.06).
5.4.3

Stable isotope analysis

No early generation hybrid BHC and only one bighead carp was collected during
sampling to collect tissues for the stable isotope study; thus, comparisons were made
between later hybrid BHC and silver carp only (Table 5.2). Only one correction to stable
isotope values for the effect of fish total length was necessary and none were related to
lipid content. Regression of silver carp total length and δ13C was significant for the fall
collection, and so δ13C values were corrected using residuals (F1,9=7.05, R2=0.30, p =
0.02; non-significant regressions F < 7.00, p > 0.05). Silver and hybrid BHC were not
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significantly different from each other in δ13C (F1,28=1.366, p = 0.25) or δ15N (F1,28=0.09,
p = 0.77; Figure 5.6). It does appear that the single bighead carp included in the stable
isotope analysis was feeding at a higher trophic level (i.e., zooplankton) compared to
silver and hybrid carp, although additional samples will be needed to determine whether
this represents a trend in this system.
5.5

Discussion

Examples of IIH in the literature and relatively rare, and BHC offer a unique
opportunity to examine how this type of hybridization may impact invasion success.
However, across the characteristics examined, early and later hybrid BHC did not appear
to have any advantage or disadvantage over the parental species, especially silver carp.
Length-weight regression slopes and K were not different; yet, the percentage of hybrid
BHC captures did appear to increase from 2012 to 2013 in adults and eggs, although
more data are needed over additional consecutive years to verify this trend. The
movements of hybrid BHC were similar to silver carp, and the three bighead carp
individuals for which we have data moved further and faster than both silver carp and
hybrid BHC. More rapid movement could indicate a greater invasion potential, but this
does not appear to be the case for hybrids. Our results are consistent with other
observations that bighead carp are often detected before silver carp in new locations
because their dispersal potential (represented herein as mean movement distance and
movement rate) appears to be greater (summary in Kolar et al. 2007).
Degree of hybridization is known to impact fitness and ecology. For example, late
generation backcrosses may exhibit fitness benefits, while early generation hybrids may
be the most different ecologically from the parental species. For example, hybrid
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westslope cutthroat trout (O. mykiss x O. clarkii lewisi) containing greater proportions of
rainbow trout (O. mykiss) genes produced fewer, larger eggs than later generation hybrids
and pure westslope cutthroat trout (Corsi et al., 2013). However, early hybrid BHC in this
study did not exhibit consistent differences in life history traits or behaviors compared to
later hybrid BHC and silver carp. Unfortunately, sample sizes were relatively low for
bighead carp as well as early and later hybrid BHC, so the high variability associated
with low sample size may have obscured differences among BHC groups for some of the
characteristics examined.
Hybrid BHC exhibited similar egg size to silver carp and, in one year, egg sizes
were not different among BHC groups. Silver carp egg size has been linked with larger,
better provisioned embryos (Lenaerts et al. in review), but with no difference in egg size
between hybrid BHC and silver carp, there is no indication that hybrid BHC provision
eggs differently from parental species. Additionally, egg size was different between years
for silver carp (Lenaerts et al. in review), but not for bighead or hybrid BHC, suggesting
that hybrids may be less plastic in parental investment or may have egg sizes less
influenced by maternal or environmental effects. However, this study was limited to two
years, and so additional observations over longer timer periods may provide insight into
why silver carp egg size may vary while other BHC groups did not.
Despite a lack of consistent differences between hybrid groups, there was some
variation between early and later hybrid BHC and the two parental species. Smaller mean
total length could indicate that the given population is increasing, as younger, smaller
individuals recruit to the population. Later hybrid BHC and silver carp exhibited smaller
mean total length compared to bighead carp and early hybrid BHC, which could indicate
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that either: a) the Wabash River population is increasing, especially in silver carp, and
younger, smaller individuals comprise a higher proportion of the population, or b) there
may be differences in reproduction and recruitment of bighead carp, silver carp and
hybrid BHC, with more individuals entering the population carrying silver carp genes.
Only a single early hybrid BHC egg was found in the study, which also may indicate that
there is either some reproductive difference between early hybrid BHC and bighead carp
and later hybrid BHC and silver carp, or that the low abundance of bighead carp in the
system contributes to early generation hybrids being comparatively rare. However, as
previously mentioned, low sample sizes indicate the need for a further examination of the
reproductive ecology of the BHC complex in this system. The relative abundance of
silver carp compared to bighead carp collected in this study could also indicate that
sampling methods were favoring the capture of hybrid BHC with behaviors and
responses similar to silver carp. However, sampling bias would not be likely to produce
the lack of difference between bighead carp and other BHC groups in movements and
would be less likely to impact spawning observations.
Reproductive isolation and loss of local adaptations can act to prevent
hybridization (e.g., Buehrens et al., 2013), and in BHC it could contribute to the possible
maintenance of hybrid BHC as a separate population. Loss of reproductive isolation can
contribute to highly hybridized populations as observed in some trout species
(Oncorhynchus clarki clarki x O. mykiss irideus; Bettles et al., 2005). In these same
species, hybrid trout were not selected against and were thus maintained in the ecosystem.
Despite known spawning differences between bighead and silver carps in their native
range (i.e., water temperature), there were no discernable differences in the timing of
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spawning of hybrid BHC. Additionally, hybrid BHC were not observed to spawn
disproportionately relative to pure silver and bighead carp despite increasing proportions
of hybrid BHC found in both eggs and adults. Thus, there appear to be few selective
advantages or disadvantages in the condition, growth or egg size of hybrid BHC, so
selection on hybridization in BHC may be relatively weak based on these characteristics.
It is possible that other factors not examined in this study may confer some
advantages onto hybrid BHC, including other life history traits (i.e., fecundity) as well as
directionality and degree of hybridization. The exact crosses that produce hybrid BHC
are known to impact growth in BHC. For example, hybrid BHC produced from female
bighead carp and male silver carp had greater production in an aquaculture setting than
the reciprocal cross (Green and Smitherman, 1984). If hybrid BHC do possess an
advantage over the parental types, it seems that fitness may vary based on direction of
hybridization. This study utilized three microsatellite regions, and so the exact lineage or
degree of hybridization could not be determined. As hybrids were increasingly
represented in both drifting eggs and adults, hybridization is likely to still be occurring.
Slight differences in hybrid BHC fitness may contribute to continued hybridization and
creation of a possible hybrid swarm as there is no apparent reproductive isolation
between genotypes (Epifanio and Phillip, 2001; Bettles et al., 2005). Extensive
introgressive hybridization has already been demonstrated to occur in BHC (Lamer et al.,
2010), and so there may be some slight hybrid advantage, potentially in specific
backcrosses, that has not yet been found. Overall, hybrid BHC appear to be similar to
silver carp rather than an intermediate between the two parental types. This
characterization may be system specific, as the Wabash River has much higher numbers
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of silver carp than bighead carp. However, many systems where bighead and silver carp
both co-exist become dominated by silver carp, and it appears likely that many
management actions taken to control silver carp may also control hybrid BHC.
Hybrid BHC provide an interesting example of IIH in fishes and may have
contributed to the successful co-invasion of these species through increased genetic
diversity. Relatively few examples of IIH in fish can be found in the literature, with the
exception of gobies and sculpin (Nolte et al., 2005; Lindner et al., 2013), especially when
contrasted with the INH research. However, recent evidence suggests that invasive
species that successfully establish may facilitate later invasions of species from the same
region. For example, the Laurentian Great Lakes provides a case where previous
invasions may have contributed to the establishment of later invasive species (Ricciardi
and MacIsaac 2000). Monkey goby (Neogobius fluviatilis), a potential Great Lakes
invader, are known to hybridize with round goby which are already established in the
basin (Lindner et al., 2013), and IIH may have implications for their establishment and
success. While this study was unable to fully examine the implications of IIH, it is clear
that cases exist in nature that require future examination, especially related to the
possibility for increased genetic diversity and associated traits. Additionally, examples of
IIH may continue to increase as new invasive populations continue to be created globally.
5.5.1

Conclusions

Evidence provided by this study indicates no discernable advantage or
disadvantage of hybrids across the characteristics examined. Yet, IIH in invading
populations may overcome issues resulting from low heterozygosity. Silver carp are
known to have greater genetic diversity in mitochondrial DNA, and this higher diversity
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may contribute to their success (Miller et al., 2014). Hybridization may integrate the
slightly higher genetic diversity of silver carp into one combined, interbreeding
population of bighead carp, silver carp and hybrid BHC and promote invasion success in
new environments. Because of similarities between silver carp and hybrid BHC and the
likely continued integration of bighead carp and silver carp, hybrid BHC are likely to
continue to function similarly to silver carp. Therefore, management taken to control
silver carp may also be appropriate for hybrid BHC. Additional examination of
heterozygosity and genetic diversity across BHC may be necessary to fully conclude the
impacts hybrid BHC have had on the invasion success of all BHC groups. The
occurrence of hybridization increased in adults and eggs, which may indicate the
continued mixing of genes and increased heterozygosity at a population level. Hybrids
may add additional variation when the genetic diversity of BHC in an invading
population is assessed. Higher variation and heterozygosity could ultimately result in
increased adaptability in new and changing environmental conditions.
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Figure 5.1. Abundance of bigheaded carp groups (i.e., bighead, silver and hybrid [early
and later hybrids combined]) in adults and drifting eggs collected from the Wabash River,
IN, USA.

100

Figure 5.2. Length-weight regressions for bigheaded carp groups (i.e., bighead, silver,
early hybrid, later hybrid) collected from the Wabash River, IN, USA. Regression lines
and statistics are reported in Table 5.1.
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Figure 5.3. Summary of the movements (mean ±se) of bighead (n = 3), silver (n = 133),
early hybrid (n = 5) and later hybrid (n = 10) bigheaded carps in the Wabash River, IN,
USA. Movement distance and movement rates were average for each individual, and
these values were used to calculate average values for each bigheaded carp group.
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Figure 5.4. Abundances of silver, hybrid (early and later hybrids combined) and bighead
carp drifting eggs collected across spawning seasons relative to the average number in
each bigheaded carp group within each spawning season from the Wabash River, IN,
USA. Dashed lines are at zero which indicates when observed drifting egg abundance of
each bigheaded carp group is equal to the mean abundance within that spawning season.
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Figure 5.5. Egg sizes (mean ±se) of bighead, silver and hybrid (early and later hybrids
combined) carps from the Wabash River, Indiana, USA, in 2012 and 2013.
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Figure 5.6. Stable isotope values (mean ±se) for bighead (n=1), silver (n=22), and later
hybrid (n=9) carp from the Wabash River, IN, USA. Means represent the combination of
all three seasons (Table 5.2).

105
Table 5.1. Summary of characteristics of bigheaded carp groups (i.e., bighead, silver,
early hybrid and later hybrid) from the Wabash River, IN, USA. For length-weight
regressions, total length (TL) was in mm and weight (W) was in g which were log
transformed for linearity.
Total length
(mm ±se)
Bighead
780
Carp
24
±13.4
Silver
641
Carp
335
±6.2
Early
641
Hybrids 10
±27.6
Later
630
Hybrids 37
±21.3
N

K
Length-Weight
(±se)
Regression
1.2
log10W = -2.37 + 2.12
±0.04
* log10TL
1.2
log10W = -5.35 + 3.15
±0.03
* log10TL
1.1
log10W = -4.42 + 2.82
±0.05
* log10TL
1.1 log10W = -5.60 + 3.23
±0.02
* log10TL

R²

p

0.56

< 0.0001

0.91

< 0.0001

0.88

< 0.0001

0.98

< 0.0001
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Table 5.2. Mean (±se) stable isotope values of bigheaded carp groups (i.e., bighead, silver
and later hybrid) from the Wabash River, IN, USA, collected across three seasons.
Bighead Carp
N
Fall
2012
Spring
2013
Summer
2013

δ13C

δ15N

Silver Carp
N
10
5

1

-26.58

14.87

7

δ13C
-26.97
±0.10
-26.92
±0.16
-29.88
±0.81

δ15N
14.27
±0.28
13.61
±0.25
12.29
±0.36

Later Hybrid Carp
N
4
3
2

δ13C
-27.03
±0.29
-27.24
±0.70
-27.88
±0.44

δ15N
14.06
±0.56
13.96
±0.19
12.1
±1.07
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CHAPTER 6. SEASONAL RESOURCE OVERLAP OF INVASIVE BIGHEADED
CARP AND NATIVE FISHES USING STABLE ISOTOPES

6.1

Abstract

Species invasions may disrupt the distribution of resources among species in an
ecosystem, potentially resulting in competition or exclusion of native species by the
invasive species. Bigheaded carp (Hypophthalmichthys spp.) are highly efficient filter
feeders, primarily consuming zooplankton and phytoplankton. The efficiency with which
bigheaded carp feed and their increasing abundance have been linked to declines in
native planktivore condition and abundance and competition for food resources among
these species. However, there is little information on how this competition varies
spatiotemporally, especially across river ecosystems with potentially different resource
availability. Therefore, this study sought to examine resource overlap as a measure of
competition among bigheaded carp and native planktivores, gizzard shad (Dorosoma
cepedianum) and bigmouth buffalo (Ictiobus cyprinellus), using resource overlap based
on stable isotope values. Additionally, this work sought to examine how resource
overlap may change seasonally. Resource overlap with bigmouth buffalo and silver carp
was minimal, while overlap with gizzard shad varied seasonally. The greatest resource
overlap with silver carp and native species occurred in the summer, while the smallest
overlap occurred in the spring. Silver carp resource use in the spring appears to be highly
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specialized, as the isotopic niche is very small. It is apparent that resource overlap may
vary among river ecosystems as the ecosystem examined in this study has lower resource
overlap among bigheaded carp and native fishes than was previously found in other rivers.
Competition between native and invasive species may have already acted to produce the
limited resource overlap observed in this study. It appears that some combination of the
diversity of available resources and the ability of bigheaded carp to exploit a variety of
these resources has contributed to their successful ability to establish across a variety of
ecosystems.
6.2

Introduction

Many successful invasive species are able to establish, survive and reproduce
across a wide range of ecosystems. As a result, there may be significant variation in the
ecology and ecological impacts of an invasive species across ecosystems. Many of the
documented impacts of invasive species are negative, including loss of genetic diversity
(Mooney and Cleland 2001), habitat alteration (Crivelli 1983; Weber and Brown 2009),
and predation (Chotkowski and Marsden 1999; Mills et al. 2004), as well as competition
for mates (Rosenfield and Kodric-Brown 2003), habitat (Douglas et al. 1994; Mills et al.
2004) and food resources (Mooney and Cleland 2001). Integration of invasive species
into existing foodwebs and ecosystems can then result in changes to ecosystem structure
and function. Invasive fishes are known to possess the ability to modify ecosystems
through changes in characteristics, such as nutrient cycling, (e.g., Weber and Brown
2009), which can produce changes in resource competition. Therefore, information
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regarding resource use and competition following species invasions can provide insight
into the impacts of non-native species on invaded ecosystems.
Species in a relatively stable ecosystem are arranged in ecological or resource
niches in a manner that maximizes resource utilization. Ecological niches themselves are
multidimensional and can encompass all the resources a species may use, including food
resources (Diana 1995). Disruption of these niches can result from changes in species
composition (e.g. Abbey-Lee et al. 2013), including the establishment of an invasive
species, and niche shifts can indicate competition and potential competitive displacement
related to food resources (Diana 1995). Through examination of dietary and isotopic
overlap and changes in overlap, it is possible to infer ecological implications of an
invasive species on native species, including potential shifts in resource niches. When
ecosystems are invaded, the invasive and native species may redistribute across the
available resource niches (Pearman et al. 2008; Medley 2010). Resource niches may
change, with each species using different resources or becoming more specialized within
their previous niche (Mooney and Cleland 2001; Broennimann et al. 2007; Medley 2010).
Alternatively, an ecosystem may rebuff the invading species through competitive
exclusion if all available resources are heavily utilized and the invading species does not
possess a competitive advantage (Elton 1958). Invasive species that compete for
available resources and have some competitive advantage can result in resource overlap
or competition in addition to potential competitive exclusion of native species from the
ecosystem (Reitz and Trumble 2002). Understanding how invasive species may impact
existing food and resource allocation is important for their management as well as for
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predicting ecosystem consequences of new and established populations of invasive
species.
Aquatic invasive species have provoked a variety of foodweb and ecosystem level
effects (e.g., salmonids, Simon and Townsend 2003; dreissenids, Hecky et al. 2004;
common carp, Weber and Brown 2009). Bigheaded carp and their hybrids
(Hypophthalmichthys spp., hereafter BHC ) are globally invasive species that efficiently
feed on phyto- and zooplankton, and this efficiency has been linked to potential
competition among BHC and several native North American planktivores (Irons et al.
2007; Kolar et al. 2007; Sampson et al. 2009). Bigheaded carp are thought to possess the
potential to out-compete native species for food resources, resulting in deleterious effects
on native species and potential changes in resource utilization in some native species
(Sampson et al. 2009; Hayer 2014). Gill raker spacing partially determines what BHC
consume, such that bighead carp (Hypophthalmichthys nobilis) with comb-like gill rakers
consume zooplankton, while silver carp (H. molitrix) that have sponge-like gill rakers
consume mostly phytoplankton (Cremer and Smitherman 1980; Dong and Li 1994;
Pongruktham et al. 2010). Hybrid BHC may consume a combination of both zoo- and
phytoplankton (Kolar et al. 2007), but this may vary among individual hybrids, and some
individuals exhibit ‘twisted’ gill raker morphology (Lamer et al. 2010). Silver carp and
hybrid BHC have been found to have isotopic niches that were not significantly different
in the Wabash River, Indiana (USA), suggesting that they exploit similar resources in this
system (Chapter 5). Diets of BHC may therefore overlap with each other (Gu et al. 1996;
Jayasinghe et al. 2014) and native planktivores, such as bigmouth buffalo (Ictiobus
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cyprinellus) and gizzard shad (Dorosoma cepedianum). Diets of BHC also can include
benthic detritus (Cremer and Smitherman 1980; Jayasinghe et al. 2014) and cladophora
(Dong and Li 1994), which may allow these species to alter their resource use spatially
and temporally depending on food availability. As a result of their large size, rapid
growth and varied diet, BHC are thought to have a competitive advantage over at least
some native planktivores and could have a negative effect on these species (Irons et al.
2007; Kolar et al. 2007; Sampson et al. 2009; Hansen 2010; Calkins et al. 2012).
Resource use, including diet, can be examined in fishes using a variety of methods,
including overlap of isotopic signatures of fish tissues. Overlap in the isotopic values of
species and individuals can provide an indication of their ecological niche (Newsome et
al. 2007), and thus provide insights into competition among species and the possible
distribution of species across available niches. Stable isotopes have been previously
utilized to examine the impacts of invasive species on foodwebs, including shifts in
resource use produced by invasive species (Vander Zanden et al. 1999; Britton et al. 2010;
Brush et al. 2012). This is therefore a valuable tool to examine the ecological impacts of
invasive species, including BHC.
The potential impacts of BHC on invaded ecosystem foodwebs are thought to be
through their feeding. BHC have been shown to alter zooplankton and phytoplankton
communities (Cooke et al. 2009; Pongruktham et al. 2010; Sass et al. 2014), and they
may impact native species (Irons et al. 2007; Kolar et al. 2007; Sampson et al. 2009;
Hansen 2010; Calkins et al. 2012) and influence fish diversity as a result (Arthur et al.
2010). In large rivers, within-system primary productivity is the major source of energy
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(Vannote et al. 1980). Potential alteration of low trophic levels by BHC could have
bottom-up effects on the entire food web in addition to affecting specific planktivorous
fish species and larvae of an even wider range of fish species. Therefore, it is important
to examine the resource use of BHC and their potential competition with native
planktivores.
We utilized isotopic signatures, which are influenced by diet and resource use, to
compare resource overlap among BHC and two native species across three seasons.
Based on previous studies of resource overlap, we hypothesized that overlap among BHC
and native species would be high. Additionally, since these species are feeding on
similar particle size food, we hypothesized that the overlap would remain consistent
through time even though isotopic signatures would change seasonally with changes in
resource isotopic signatures.
6.3
6.3.1

Methods

Sample collection

Bigheaded carp, bigmouth buffalo and gizzard shad were collected via boat
electrofishing and gill netting (10 cm bar mesh) in fall 2012 and spring and summer 2013.
All fish were collected at the same location near Wabash River km (rkm) 499 near West
Lafayette, Indiana, USA. Fish were euthanized with a lethal dose of MS-222 and total
length was measured (mm) prior to tissue sample collection. A 1 x 1 cm sample of white
muscle was removed from just below the dorsal fin, as this tissue provides the least
variable estimate of isotopic values (Pinnegar and Polunin 1999). Pectoral fin clips were
taken from BHC for later DNA-based classification as bighead carp, silver carp and
hybrid BHC (Chapter 5). In addition to fish samples, periphyton and gastropods were
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collected from river substrate when available to provide an estimate of baseline isotopic
signatures. Muscle, fin clip, periphyton and gastropod samples were frozen with liquid
nitrogen in the field then stored at -80°C until additional processing.
6.3.2

Stable isotope analysis

Stable isotope values were determined for up to 12 individuals per species per
season. Muscle, gastropods and periphyton samples were dried at 60°C for at least 48
hours, ground, and then stored in sterile airtight containers. Periphyton and gastropod
samples were rinsed with RO water prior to drying. During the grinding process, any
visible bones or scales were removed from the sample. Samples were processed for
isotopic signatures (δ13C and δ15N [o/oo]) at University of Waterloo Environmental
Isotopes Laboratory (Ontario, Canada).
Stable isotope values were adjusted for fish total length and lipid content when
necessary through value correction using regression residuals. For each species within
each season, species total length was regressed against δ13C and δ15N, and residuals were
added or subtracted when regressions were significant. Length is known to impact gill
raker spacing in silver carp (Walleser et al. 2014), and so this adjustment was necessary
for making comparisons across lengths. Additionally, δ13C was regressed with C:N ratio
to detect the influence of lipids on isotopic signatures (Post et al. 2007; Logan et al. 2008).
If the regression was significant, the δ13C value was adjusted using residuals.
Previous analyses of δ13C and δ15N for silver carp and hybrid BHC showed no
difference in isotopic signature between these species and so samples were combined into
synthetic category hereafter referred to as silver-hybrid carp (SHC, Chapter 5). Data
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were only available for a single bighead carp, and while these data are reported herein,
they were not included in any statistical analyses for comparison with SHC, gizzard shad,
or bigmouth buffalo (Chapter 5).
Breadth of each species’ isotopic niche within each season was determined as the
area of the Bayesian ellipses calculated using Stable Isotope Bayesian Ellipses in R
(SIBER; Jackson et al. 2011). Bayesian ellipse areas were calculated with small sample
size correction (SEAC; 95% C.I.), as only 8-12 individuals per species were sampled per
season (Jackson et al. 2011). Overlap between these isotopic ellipses provides an
indication of resource overlap and may indicate competition. Therefore, overlap was
determined among species within each season. Several additional metrics were also used
to examine isotopic niche breadth among species and season, including nearest neighbor
distance (NND) and convex hull total area (TA; Layman et al. 2007). These metrics were
used to provide an estimate of resource use, while smaller NND or TA may indicate more
specialized resource use within a species.
6.4

Results

Due to the significant influence of total length, SHC (fall) δ13C and bigmouth
buffalo (spring) δ15N required adjustment of isotopic values using residuals prior to
analysis (silver: F = 7.0, R2 = 0.30, p = 0.02; buffalo: F = 15.8, R2 = 0.61, p = 0.003).
Additionally, significant relationships in C:N ratio and δ13C in bigmouth buffalo (spring)
and gizzard shad (summer) required correction of δ13C values (buffalo: F = 9.5, R2 = 0.44,
p = 0.012; shad: F = 6.9, R2 = 0.35, p = 0.026).
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Silver-hybrid carp tended to be more depleted in δ13C than bigmouth buffalo and
gizzards shad, an indication of more pelagic feeding, but differences among δ15N values
changed across seasons (Table 6.1; Figure 6.1). The single bighead carp did have a
higher trophic position as indicated by its more enriched δ15N value. Silver-hybrid carp
SEAC and TA did appear to vary across seasons, with isotopic niche in spring being
particularly small for these values (Figure 6.2). The highest NND occurred in the
summer for all three species, indicating that individual fishes across species generally
utilized the greatest diversity of resources in summer.
Isotopic niche overlap was consistently high between gizzard shad and bigmouth
buffalo but low between these species and SHC (Table 6.2). Overlap between these two
native species averaged ≈46%, while overlap with SHC ranged from < 0.01 – 36%.
Bigmouth buffalo had consistently less isotopic niche overlap with SHC than gizzard
shad. Native fishes had the least overlap with SHC in the spring and the most overlap in
the summer. Nearly 36% of the gizzard shad Bayesian ellipse in the summer overlapped
with that of SHC, which was the greatest amount of isotopic overlap detected by this
study.
6.5

Discussion

Silver-hybrid carp isotopic signatures generally indicated more pelagic resource use
and that there was some seasonal variation in SHC isotopic signatures and their overlap
with native species. While gizzard shad and bigmouth buffalo demonstrated considerable
isotopic overlap within and among seasons, isotopic overlap between SHC and bigmouth
buffalo was minimal regardless of season. Isotopic overlap was slightly greater between
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SHC and gizzard shad; however, this overlap varied depending on season with the
greatest resource overlap occurring in the summer. These findings may indicate that
niche shifts have already occurred, thus minimizing potential competition among these
species. For example, BHC are thought to have produced an isotopic niche shift in one
small, native planktivore, the emerald shiner (Notropis atherinoides; Hayer 2014) which
may minimize competition. Historical isotopic samples may provide insights into
whether native species have changed their resource use post-BHC invasion. Species also
varied in their breadth of resource use, as indicated by isotopic niche size, with the
greatest potential diversity in resource use for gizzard shad and bigmouth buffalo
occurring in the spring, and the largest isotopic niche for silver carp occurring in the
summer. However, silver carp did appear to exhibit resource specialization in the
summer as indicated by small SEAC and TA as well as low NND. Regardless, there
appears to be limited resource use overlap between SHC and the two native planktivores
included in our study, and all three species also appear to demonstrate some seasonal
flexibility in resource use in the Wabash River.
Changes in resource availability may produce changes in isotopic niche overlap,
as observed in bighead and silver carp across ecosystems (Jayasinghe et al. 2014).
Similar trends have been observed in other species, where changes in resource
availability and productivity produced changes in trophic position and isotopic signature
(Hayden et al. 2014). Therefore, the lower isotopic overlap detected in this study
compared to other studies (e.g., Hayer 2014) may be the result of across ecosystem
differences in resource availability. Because competition may influence isotopic niche,
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isotopic niche overlap will likely change based on ecosystem productivity as well as
variability and diversity in available resources. For example, bighead and silver carp
displayed high isotopic niche overlap in both low and high productivity systems but
showed resource partitioning and little overlap in moderately productive ecosystems
(Chen et al. 2011). This may explain why SHC from the Wabash River showed
considerably lower isotopic overlap with native planktivores compared to those from
South Dakota rivers (Hayer 2014) and lower overlap than was indicated by diet analyses
(Sampson et al. 2009). In high productivity ecosystems, resources may not be limited;
therefore, overlap of diet and isotopic niches may be high but not negatively impact the
species involved. Additionally, silver carp occur at lower densities than in some other
invaded rivers, such as the Illinois River (Stuck et al. 2015) which may also result in less
competition.
Diversity in resource use may positively influence niche size and could have
contributed to changes in isotopic niche breadth for SHC. During winter months,
primary production was likely reduced compared to the rest of the year, which may have
resulted in the narrow isotopic niche breadth observed during the spring sampling event.
This narrow isotopic niche compared to the broad niche observed in the summer suggests
that SHC may be plastic in their resource use. Broad isotopic niche and diet has been
found to positively impact invasion success (Hayden et al. 2014) and may promote the
successful establishment of BHC across invaded ecosystems. It appears that at least SHC
may be capable of adjusting resource use depending on available resources as indicated
by the relatively broad summer isotopic niche compared to the narrow niche observed in
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the spring. Ultimately, the ability to shift and exploit a diversity of resources may
facilitate BHC invasion success across ecosystems.
The potential of BHC to vary resource use and exploit lower trophic resources
may promote their invasion success and establishment. Species that feed at lower trophic
levels may invade more easily as these resources are usually more abundant (Gido and
Franssen 2007). During summer, SHC do feed at lower trophic levels than gizzard shad
and bigmouth buffalo. Additionally, SHC appear to feed at a lower trophic level than
bighead carp, potentially contributing to the greater observed abundances and population
growth of SHC relative to bighead carp (Chapter 5). Food resources are more widely
available at lower trophic levels (e.g., phytoplankton), and therefore, may not be as
limiting. Species capable of utilizing a wide variety of dietary resources may be able to
adjust their resource use spatiotemporally as observed across seasons in SHC. The
variation observed in SHC isotopic niche breadth indicates that these fishes may be
capable of invading a variety of ecosystems with a diversity of resources and exploit
more abundant primary productivity to increase chances of successful establishment.
This study examined resource overlap among SHC and two native planktivores
that likely compete for the same food resources. However, it is possible that resource
overlap and competition between BHC and other native species may be greater than that
found with gizzard shad and bigmouth buffalo. We were able to collect only a single
bighead carp for this study, and so the potential overlap of this species with SHC and the
two native species could not be evaluated.. Additionally, there is the possibility for
feeding of BHC to overlap with larval stages of a variety of species; however, this
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potential overlap has yet to be examined. Smaller silver carp especially have the
potential to compete with smaller planktivores and larval fishes given the positive
relationship between silver carp size and gill raker spacing (Walleser et al. 2014).
Therefore, smaller silver carp may be of particular interest in future examinations of
resource and diet overlap and competition.
Overall, isotopic niches indicated little overlap between SHC and two native
planktivores. In high productivity ecosystems, where a diversity of dietary resources are
available, overlap in isotopic niches or diet may not necessarily have negative
implications for the species utilizing the resources. Given that populations of species
utilizing these resources do not become overly abundant, both species can continue to
exploit these resources without resources becoming limiting. Future studies should
examine scenarios that produce increased overlap between BHC and native planktivores
combined with assessments of the ecological implications of that overlap.
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Figure 6.1. Seasonal δ13C and δ15N mean values (se) for native species (bigmouth
buffalo and gizzard shad) and invasive silver (silver and hybrid carp combined) and
bighead carp from the Wabash River, Indiana, USA. Fall samples were collected in 2012
while spring and summer samples were collected in 2013. Periphyton and gastropods
were collected as baselines in the fall and summer.
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Figure 6.2 Silver-hybrid carp (silver and hybrid carp combined) mean seasonal δ13C and
δ15N values (se) from the Wabash River, Indiana, USA.

Table 6.1. Summary of δ13C and δ15N (o/oo) values and metrics for native (bigmouth buffalo, gizzard shad) and invasive silverhybrid carp (silver and hybrid carp combined) and bighead carp from the Wabash River, Indiana, USA. Metrics include nearest
neighbor distance (NND), total area of the convex hull (TA) and size of the Bayesian ellipses (SEAC).

Season
Fall

Spring

Summer

Species
SilverHybrid
Buffalo
Shad
Periphyton
SilverHybrid
Buffalo
Shad
SilverHybrid
Bighead
Buffalo
Shad
Gastropods

NND
±NNDSD

TA

SEAC

N

δ C ±SE

δ N ±SE

14
12
12
7

-26.99 ±0.10
-25.69 ±0.22
-25.57 ±0.44
-20.85 ±0.52

14.21 ±0.24
14.17 ±0.24
13.84 ±0.23
12.03 ±0.90

0.20 ±0.11
0.56 ±0.55
0.60 ±0.53

2.07
4.71
7.24

0.97
2.21
3.36

8
12
12

-27.04 ±0.26
-25.98 ±0.72
-25.94 ±0.32

13.74 ±0.17
14.86 ±0.29
14.52 ±0.37

0.32 ±0.75
0.66 ±1.59
0.33 ±1.51

1.82
11.71
7.98

1.28
4.43
4.76

10
1
5
12
10

-29.43 ±0.69
-26.58
-27.46 ±0.65
-27.51 ±0.43
-26.36 ±0.36

12.25 ±0.33
14.87
13.25 ±0.48
13.14 ±0.37
11.26 ±0.27

0.52 ±2.10

9.15

6.46

0.90 ±1.53
0.70 ±1.29

2.02
8.25

3.72
3.90

13

15
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Table 6.2. Seasonal percent overlap based on area of small sample size corrected
Bayesian ellipses (SEAC) overlap of silver-hybrid carp (silver and hybrid carp combined)
with bigmouth buffalo and gizzard shad. Percentage was calculated relative to the area of
the species listed as column headings (i.e., 0.9% of the bigmouth buffalo SEAC
overlapped with silver carp SEAC.
Season
Fall

Spring

Summer

SilverHybrid
Buffalo
SilverHybrid
Buffalo
SilverHybrid
Buffalo

Buffalo

Shad

0.9
-

9.5
41.5

< 0.01
-

6.8
55.7

8.7
-

35.9
40.6

8
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